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science. Among these various subjects zoology, bibliography, geology, 
mineralogy, anthropology, and astrophysics have predominated. 

The Institution also publishes a quarto series entitled “ Smith- 
sonian Contributions to Knowledge.” It consists of memoirs based 
on extended original investigations, which have resulted in important 
additions to knowledge. 

CHARLES: DAWALCOTT, 
Secretary of the Smithsonian Institution. 


(iii) 


CONTENTS 


. FowWLE, FREDERICK E. Smithsonian Physical Tables. Seventh 
revised edition. September, 1920. 450 pp. (Publ. no. 2539.) 
. GopDARD, Rogert H. A method of reaching extreme altitudes. 
December, 1919. 69 pp., 10 pls. (Publ. no. 2540.) 

. Crayton, H. Heim. Variation in solar radiation and the 
weather. January 15,1920. 53 pp.,5 pls. (Publ. no. 2544.) 
. Moore, A. F. and Azssot, L. H. The brightness of the sky. 
February 4, 1920. 36 pp. (Publ. no. 2545.) 

. Appot, C. G. and Moore, A. F. Observations of the total solar 
eclipse of May 29, I919. January 31, 1920. I2 pp., I pl. 
(Publ. no. 2578.) 

. DE CANDOLLE, Castmir. New species of piper from Panama. 
February 12,1920. 17 pp. (Publ. no. 2579.) 


(v) 


i ot 
: bak gh wa, ap, oe 
t = , ’ 
4 a) ais a 
4 Of P. TY 2 Dat 
a m 
L-. % 4 4 : > ’ 
ia? / 
OTe ad 
- ex 
> : + ia 
> t 
.: 
y 4 
" 
“a - 
" 
. 
a 
o ‘ 
re 
J 
; 
« 
: 
; 
te 
¢ 
i 
e 
S 
ts , " 
bi 
a" 
* 
¥ 
s 
i 
1 
; ¢ 
i 
f 
; 


————— 


SMITHSONIAN MISCELLANEOUS COLLECTIONS 
VOLUME 11, NUMBER 1 


SMITHSONIAN © 
may olCAL FABLES | 


SECOND REPRINT OF SEVENTH REVISED EDITION 


PREPARED BY 


PREDERICK, E.FOWLE 


AID, SMITHSONIAN ASTROPHYSICAL OBSERVATORY 


(PUBLICATION 2539) 


CITY OF WASHINGTON 
PUBLISHED BY THE SMITHSONIAN INSTITUTION 
1923 


ADVERTISEMENT. 


In connection with the system of meteorological observations established by 
the Smithsonian Institution about 1850, a series of meteorological tables was 
compiled by Dr. Arnold Guyot, at the request of Secretary Henry, and the 
first edition was published in 1852. Though primarily designed for meteoro- 
logical observers reporting to the Smithsonian Institution, the tables were so 
widely used by physicists that it seemed desirable to recast the work entirely. 
It was decided to publish three sets of tables, each representative of the latest 
knowledge in its field, and independent of one another, but forming a homo- 
geneous series. The first of the new series, Meteorological Tables, was 
published in 1893, the second, Geographical Tables, in 1894, and the third, 
Physical Tables, in 1896. In 1909 yet another volume was added, so that the 
Series now comprises: Smithsonian Meteorological Tables, Smithsonian 
Geographical Tables, Smithsonian Physical Tables, and Smithsonian Mathe- 
matical Tables. ; 

The fourteen years which had elapsed in oro since the publication of the 
first edition of the Physical Tables, prepared by Professor Thomas Gray, 
had brought such changes in the material upon which the tables must be 
based that it became necessary to make a radical revision for the fifth and 
sixth revised editions published in r910 and 1914. The latter edition was re- 
printed thrice. For the present seventh revision extended changes have been 
made with the inclusion of new data on old and new topics. 


CuarLes D. Watcort, 


Secretary of the Smithsonian Institution. 
June, I9r9. 


PeePsacHe 10) 778 REVISED EDITION. 


The present edition of the Smithsonian Physical Tables entails a considerable 
enlargement. Besides the insertion of new data in the older tables, about 170 
new tables have been added. The scope of the tables has been broadened to 
include tables on astrophysics, meteorology, geochemistry, atomic and molecu- 
lar data, colloids; photography, etc. In the earlier revisions the insertion of 
new matter in a way to avoid renumbering the pages resulted in a somewhat 
illogical sequence of tables. This we have tried to remedy in the present edition 
by radically rearranging the tables; the sequence is now, — mathematical, me- 
chanical, acoustical, thermal, optical, electrical, etc. 

Many suggestions and data have been received: from the Bureau of Stand- 
ards, — including the revision of the magnetic, mechanical, and X-ray tables, 
—from the Coast and Geodetic Survey (magnetic data), the Naval Observ- 
atory, the Geophysical Laboratory, Department of Terrestrial Magnetism, etc.; 
from Messrs. Adams of the Mount Wilson Observatory, Adams of the Geo- 
physical Laboratory (compressibility tables), Anderson (mechanical tables), 
Dellinger, Hackh, Humphreys, Mees and Lovejoy of the Eastman Kodak Co. 
(photographic data), Miller (acoustical data), Van Orstrand, Russell of Prince- 
ton (astronomical tables), Saunders, Wherry and Lassen (crystal indices of 
refraction), White, Worthing and Forsythe and others of the Nela Research 
Laboratory, Zahm (aeronautical tables). To all these and others we are in- 
debted for valuable criticisms and data. We will ever be grateful for further 
criticisms, the notification of errors, and new data. 

FREDERICK E. FOWLE. 


ASTROPHYSICAL OBSERVATORY, 
SMITHSONIAN INSTITUTION, 
May, 1919. 


NOTE TO REPRINT OF 7TH REVISED EDITION. 


Opportunity comes with this reprint to insert in the plates a number of correc- 
tions as well as some newer data. Gratitude is especially due to Messrs. Wherry 
and Smith of the Bureau of Chemistry, Department of Agriculture, for sugges- 
tions. 

FREDERICK E. FOWLE. 
ASTROPHYSICAL OBSERVATORY, 
SMITHSONIAN INSTITUTION, 
March, 1921. 


NOTE TO SECOND REPRINT OF 71TH REVISED EDITION. 


Again opportunity is taken to alter the plates for a few corrections. Several 
tables, especially those connected with molecular physics, have been considerably 
changed to allow for the rapid advances of the last few years. The data for 


lv PREFACE 


spectrum series has been revised consistently with the now generally accepted 
nomenclature. Certain standard values adopted for the International Critical 
Tables, prepared under the auspices of the International Research Council, have 
been inserted. These will be found included in the table on page 408. Some of 
the added data has been inserted in the appendix to avoid renumbering the pages 
of the body of the Tables for this reprint; it will be inserted in proper sequence 
in the next edition. Gratitude is especially due to the members of the Bureau 
of Standards, of the Nela Research Laboratory, to Dr. White of the Geophysical 
Laboratory, Dr. Washburn of the National Research Council, and others for 
data and suggestions. 


FREDERICK E. FOWLE. 
ASTROPHYSICAL OBSERVATORY, 
SMITHSONIAN INSTITUTION, 
February, 1923. 


-—— 


TABLE OF CONTENTS. 


Introduction: units of measurement, dimensional and conversion ae 
Sramprds: / 4)". ., : Xxiii 
General discussion, xxiil; Fwtidactendal sate, Xxiil; Denied ahits, xxiv; Con- 
version factors and dimensional formulae, xxv; Dimensional reason- 

ing, Xxv 
Dimensional formulae: . .. . ee eae 


Geometrical and mechanical alee XXvi; ak Gintks, XXVill; ‘Blectzic and mag- 
netic units, xxix; Electrostatic system, xxx; Electromagnetic system, xxxi. 


Fundamental standards: .... . 5 ya AR ET 
Standards of length, xxxiv; Siardncds be mass, XXXIV; Te tanderits of time, 


xxxiv; Standards of temperature, xxxiv. 


Numerically different systems of units: ... . : «| XEXV 
Proposed systems of units (table I), xxxv; (aeons eae XXXV; Practical 
electromagnetic system, xxxvl; Thitemadtional electric units, xxxvi. 


The standards: of the International Electric Units: . ...... . . xxxviil 

Resistance, xxxvili: Mercury standards, xxxviil; Soeudaey standards, xxxix; 
Resistance standards in practice, xxxix; Absolute ohm, xxxix. 

Current, xl: Silver voltameter, xl; Resistance standards used in current 
measurements, xli; Absolute ampere, xli. 

Electromotive force, xli: International volt, xli; Weston normal cell, 
xli; Portable Weston cell, xliii; Absolute and semi-absolute volts, xiii. 

Quantity of electricity, xliv: Standards, xliv. 

Capacity, xliv. 

Inductance, xliv: Inductance standards, xliv. 

Power and energy, xlv: Watt, xlv; Standards and measurement, xlv. 


Magnetic units, xlv: Table II. — The ordinary and ampere-turn units xlvi. 


TABLE 
1. Spelling and abbreviations of common units of weight and measure . . 2 


2. Fundamental and derived units, conversion factors . 3 
2 ae e! 
(6) Derived units A | SSI: 3 
3. Tables for converting U. S. weights aaa measures: 
(1) Customary to metric 
(2) Metric to customary 
4. Miscellaneous equivalents U. S. and hewe weights anda measures 


“I Ou 


CONTENTS. 


. Equivalents of metric and British imperial weights and measures: 


(x1) Metric to imperial-:..". 2. 2. 34 i eee 8 
(2) Multiples, metric toimperial ...... Vi ee - 9 
(3) Imperial to metene: jv) oe5 (045 5100 9 ete ii ets Io 
(4) Multiples, imperial to‘metric: ....-... 9. «len « II 


MATHEMATICAL TABLES 


6. Derivatives and integrals 2:00... 0. J... 3a. 12 
¥. Series “hae tsar SAMS oe 6 LRSM alee ict Br 
8. Mathematical oyastants ge vav np oee'h Fas unc} hay stele Rn ane) ae 14 
g. Reciprocals, squares, cubes and square roots ef eed numbers 3/5. 
. Logarithms, 4-plaee, 1000-2000) 6.) a oe 2, 24 
. Logarithms, 4-place.0 300". See ee 26 
. Antilogarithms, 4-place 2 6. 60503 ss) ee ee 28 
. Antilogarithms, 4-place, 0.9000-1.0000., ...4 4 +... . nn 30 
i ae iaaeeapetetse) functions, arguments @, ee 32 
«6 e (radians) . . . 70nueee 37 
. Logarithmic factorials, n!,n = 1to 100... .>.'.°2 . 7 90) 40 
. Hyperbolic functions: .° . 4). 282 2 5 at ee 41 
. Factorials, 1 to. 20° 032.0% ae 47 
; Exponential functions. «os ou a) ves P/U ye 80 ea ae 48 
. Values of e* and e~ and their eee tae hin Se tek 54 
73 (73 a 6c oe (79 ce SCORE” 1 A a ee io 2) ae 55 

6“ 6 pe 66 gas A a 
CE 55 
GES URE Gara hie cont aes Ee ae a eeecenal _. 2 56 
. Least squares: Diehdeuen integral, argument hn. oo 56 
es thr... (2a 57 
values ‘of 0.6745./1/(7— 1)... ... 57 
«© 9.67454/1/n@—1)> . «ee 58 
9.84534/1/n(@— 1)... .-3 50 2a 58 
20. « . 9.8403 {t/ma/n— at} .. . «se 58 
30. formulae *:).. sS2uh.datt eee ee 59 
31. Inverse probability integral, difosiOn jaiveercal ee. 60 
32. Logarithms of gamma function, m betweentand2........ 62 
33. Values for the first seven zonal harmonics, 0 = 0° to 8 = go® 64 
34. Cylindrical SSR OMIES, oth and tst orders, x = 0 to 3.5, 6- olanel .. 
35. % ee 4 tos, 4-place anne 
36. (a) rst ten roots cylindrical harmonic of zeroth order=o.... . 68 
(6) “ fibteens as ‘ “first: .ccstqqge 68 
Notes, general formulae of Bessel’s functions .......... 68 

7 

37. Values for hs 2 (1 — sin’@sin?&)*?d@; argument 9; also logs . . 69 
38. Moments of inertia, radii of gyration, corresponding weights 7° 


39: 


International atomic weights, valencies 


2 @ (eet se er Ye a al) he” ee 


CONTENTS. Vii 


40. Volume of glass vessel from weight of its volume of HO or Hg. . . . = 72 
fre keductions of weighings Ina tO vacuo... 6.0. be ee ee 73 
42. Reductions of densities in air to vacuo ....... SO ee ae 73 
MECHANICAL PROPERTIES 

mee iarodvction and definitions:. 0... fo. . wk 8 Pitt weet 27a 
44. Ferrous metals and alloys: Iron and iron alloys .......... 75 
i Sees Orie i, Ce OMS EEEIS eS ouar yeh 6 She hehe satal 496 
46. - Seem cows, | Med NOTES COS OS Se atk. ele Bete 76 
47. A mane ti PCI RS Sh nt a ye sales Vie, Ye sip ase 77 
me. =o. oi) isheel wire, ;Sspeckication values’. j.'s so. «98 
Bea Biner ays, i Viana empenimentalevalnes: isis elit) 078 
50. oh a OE TR 0) Vea Te) 10) otc: ol Ran Bee Or oe a ae ae 78 
Br. co a?) “> is 0° Asteelewire rope, specification values <j. 4.1 79 
52. “ “ 73 “ plow-steel rope, “ “ sedan 79 
| ao) sy Steel wite Tope, expenmental values ana (3) 
eee arian miscellaneous) <i Sumi «Wor eos iw atl 8 ee we ek 80 
55. Aluminum: (a) sheet, experimental IGUIEOSN Shit ne Nanni Bhi. 9 kL tt tel 8 80 
= fe be epecaegtion valniesn) 0.54 oe eR ag. Je gn Lf 81 
SMPTE ANIOIVS yy th.) ae fs te a hk ew wee ae a 81 
See Copper: miscellaneous experimental values... 1. 1 6 wee ne 82 
58. peepee roled experimental valwies) i. io 2-\o.eiahia ice el le ee 82 
50: oe wire, speciiication values, hard-drawn. 3, . 05.0... se 82 
60. - Seeermcciiemmnana Cha wih. Sees aah cel le wile) es 83 
61. id nesoi Omanmediod 2) '.02, pasa sa any taney 83 
62. METARG Sy te Ny 9 ero ra. MOR ee oid Se ee Daven, gd tea INGO Gh 83 
63. Epes lay MOMICNCAGMTC! +. 5. +e cose ete 2, RIA tay) les case 83 
64. ae comperczime alloys Or basses’) V5 8) kf. kk 84 
: “‘  copper-tin Hey foaragd 9 (00C Pt eke he See De eA 84 
Se Seneinceran mnone tmetdia (Ale PL se se ae 85 
San aicoliralliays. &. hrc ht ee Sh a RRO. ee oe a's 88 
67. A metals: Gnissten 7 mney wiitesetal 2 eee 89° 
Seeement aad concrete: (4) cement Vo yb oe ee. a ke 90 
v Re # (b) cement and cement pserrtans Pens. 90 

bd cs oF (@anenetes tenet enone LY), QI 

69. Stone and clay products: (a) American building stones a. 92 
Be tea ha, < (b) Bavarian building stones... .... 92 
erie 28 re (c) American building bricks . . ..... 93 

SE ai e (d) brick piers, terra-cotta piers ..... 93 

AS ea c (ea verous DiICKe).7. "|. 5... |: ee 93 
Semerey oheet rubber. 0.6. ee We... oo ri! 94 
Sopeecramer belting” 9. 4... Say ek PN eS ee 94 
ay 8) MA EIA a ee CS ro 95 
72. Woods: hardwoods, Seah hits ete Ailes -+ +} neers ai, OO 
a3. RePeeOmrrs, MELTIO TIMES 3) Sos oe ee ce + + + epee ee oo 97 


vili 


I0o. 
IOI. 
102. 
103. 
104. 
105. 
106. 
107. 
108. 
109. 
IIO. 
EET. 
£2; 


CONTENTS. 


. Woods: hardwoods, English units 


‘“‘ conifers, English units . 
Rigidity Modulus 


. Variation of moduli of Gea rath hie Getiperittite 
. Interior friction, variation with the temperature . 

. Hardness . 

. Relative hardness a ae eee, 

. Poisson’s ratio . : 

. Elastic moduli of crystals, Soemieliat 


« ac, the “numerical results 


COMPRESSIBILITY OF GASES 


Compressibility of O, air, N, H, different pressures and temperatures . 
(79 ce ethylene at ce ce ce ce 


. Relative gas volumes at various pressures, H, N, air, O, COz 
. Compressibility a carbon dioxide, pressure-temperature variation 


a ‘ gases, values of . 


4 “ air and oxygen between 18° oie 92° >C ; 


. Relation between pressure, temperature and volume of sulphur dioxide ’ 


73 “cc “c “ “c 6c 6c 
ammonia . 


; aint ge of liquids . 


“* solids 


DENSITIES . 


. Specific gravities corresponding to the Baumé scale 
. Densities of the solid and liquid elements 


tg “* various woods . 


cc (i4 (79 Ss oli ds 
alloys 
natural and anieiel jaca 
e “* molten tin and tin-lead eutectic 
Weight in grams per square meter of sheet metal 
“«  “ various common units of sheet metal . 
Densities of various liquids . te d 
Density of air-free water between 0° ale 41 °C : 
Relative volume of water between 0° and 36° C. 
Density and volume of water, —10° to 250° C 
* ‘i “\_“ mercury, —10 te goo © 
Density of aqueous solutions of salts, bases and acids 
oe ‘ “« ethyl alcohol, temperature variation . 
% «methyl alcohol, cane-sugar, sulphuric acid. 
“« various gases . } : 
Volume of gases, — values of 1 + o. one I: 
(a) for values of t between 0° and 10° C by o. 1° steps 
(b) “« «eee 90 ald.--1990° C by fe alae 


173 cc “ec 


if 4 cc ce 


98 

99 
100 
100 
IOI 
IOI 
IOI 
IOI 
102 
103 


104 
104 
104 
105 
105 
105 
106 
106 


107 
108 


Tog 


LL - 


112 
113 
114 
II5 
II5 
116 
116 
117 
118 
119 
120 
121 
122 
124 
126 
127 


128 
12g 


CONTENTS, 


(c). logarithms for ¢ between —49° and 399° C by 1° steps 
(d) aS “ e  &+400° and 1990° C by 10° steps 
Density of moist air: h/760, h from 1 to 9 : 
=e +) log 4/760; hk from 80 to 800 
ei 8) | | O.37Ge In equation z = B — 0.378¢. 


. Maintenance of air at definite humidities 
. Pressure of mercury and water columns 


BAROMETRIC TABLES 


. Reduction of barometer to standard temperature 


“ “ “ “ “« Bravity, in.andmm, slutude can n 
‘ “ = “ Jatitude 45°, o° to 45°, mm . 

« ‘ ‘< ae 45° to 90°, mm 

“ “ “ “« “ * ‘o° to 45°, inches”. 

cc (79 “ cc ce (t9 45° to 90°, inches 


. Correction to barometer for capillarity, mm and inches 
. Volume of mercury meniscus in mm? : : 
. Barometric pressure corresponding to the Raita Bos al pata: 


(a) metric scale 
(6) inch scale . 


. Determination of heights by the haremeter 


ACOUSTICS 


. Velocity of sound in solids 


ral fe ouids ‘aud vases)’; 


een Cee he ee ek eee ee kee 


“ec “¢ 


. Fundamental tone, its harmonics and equal tempered scale . 
. Relative strength of the partials of musical instruments 

. Characteristics of the vowels . 

. Miscellaneous sound data 


AERODYNAMICS 


. Kinetics of bodies in resisting medium, Stokes law 

. Flow of gas through tubes ; eh bea aa 
. Air pressure, large square normal nee various see 
. Correction factor for small square normal planes 

. Effect of aspect ratio : 

. Ratios of pressures on inclined aa ee tes : 

. Skin friction : 

. Variation of air eee wit ence ine mle 


“ coun KG 6c Ch shape and size sire 
“ “ek 73 “ “ “ “ and speed . 


E MMIetion vy. 


ix 
I30 
132 
133 
133 
135 


135 
136 


137 
138 
139 
140 
141 
142 
143 
143 


144 
144 
145 


146 
147 
148 
148 
149 
149 
149 
149 


150 
150 
151 
151 
152 
152 
192 
153 
153 
153 


154 


. Viscosity of gases and vapors . Meee. ae 
: temperature and pressure variation 


. Vapor pressures of elements 


CONTENTS, 


Areata! fy ile ve hh sik BE ne Le louscalpingeg) (a hee Meainerene aad fe 
. Lubricants for cutting tools 


VISCOSITY 


. Viscosity of fluids and solids, general considerations . 


‘“‘ water in centipoises, temperature variation 


a “ ethyl-alcohol-water mixtures, temperature variation 
43 and density of sucrose aqueous solutions, temp. variation 
“cc (Z3 73 73 glycerol cc 73 at 20° ‘e 


e ? “« © castor oil, temperature variation 


of miscellaneous liquids . 
- “ organic liquids . 


. Specific viscosity of solutions, density aad foment variation 


3 te cS 2 atomic concentrations, 25°C . 


“cc “é “ “cc “ce 


. Diffusion of an aqueous solution into pure water 


. ** vapors 


“* gases and vapors . 
= ‘“* metals into metals . 


6c 


. Solubility of inorganic salts in water, aecuare variation 


6e 


“ a few organic salts in water, temperature variation 
‘ gases in water . nb Pe 
ay e.. of, produced by ceca pressure . . 


ce 


“ce 


. Absorption of gases by liquids nese 
. Capillarity ot surface tension, water and alcchowe inair 5. 


. . «miscellaneous liquids in air 


aqueous solutions of salts 
liquids-air, -water, -mercury 
liquids at solidifying point . 
it $i ce «thickness of soap films 


‘73 ée “cc ce 


VAPOR PRESSURES 


cc “ce 


and rates of Sete. Mo, W, Pt 
organic liquids . 
of ethyl alcohol 
. i “* methyl alcohol . 
** (a) carbon disulphide . 
(b) chlorobenzene 
(c) bromobenzene 
(d) aniline : 
(e) methyl alive . 
(f) bromonaphthalene 


6c ce 


Go) mercury .. <i! eee owe aes a 


. © .eeiey a 


154 
154 


155 
155 
155 


157 


159 


214. 
OLs. 
216. 
ary: 
218. 
219. 


CONTENTS. 


. Vapor pressure of solutions of salts in water ae 
. Pressure of saturated water vapor over ice, low aeeanes ; 


ms a = is “water, low temperatures 


73 “ “ 73 ce 74 6c °° to Cyr G F 


. Weight in g per m? of saturated water vapor 
. Weight in grains per ft* of saturated water vapor . 
. Pressure of aqueous vapor in atmosphere, various altitudes . 


“ce ce (z9 (79 “ec ce sea-level : : 
. Relative humidity, arguments, vapor pressure and dry temperature 
fs “ ms wet and dry thermometers . 
THERMOMETRY 


. Stem correction for thermometers, centigrade . 


faa ce 6c ee Jena glass, °° to 360° oe 


66 “ 73 c ‘c ‘c Oicchan rhe «“ 
12) - 


“ce “ec 73 “ce (73 (73 normal, °° to 100° (e 


. Gas and mercury thermometers, formulae ‘ 
. Comparison of hydrogen and 16™ thermometers, 0° ‘pat 100° C. 


é cc Ts 66 sgt «cc °° & 100° i 


“ tc ‘c “ 16= and 50™ a a —5° to 
2) 
pages 


. Comparison a air ead 16m ceramics 0° es 305) Cc 


(as co 66 6c ce 


50" 100° to 200° C 

fF ““ hydrogen and various mercury thermometers 

4 “ air and high temperature (59™) mercury thermometer 
“H, toluol, alcohol, petrol ether, pentane thermometers 


. Platinum resistance thermometry . : 
. Thermodynamic scale; temperature of ice aint evn ie 
. Standard points for the calibration of thermometers . 

. Calibration of thermo-element, Pt—Pt-Rh . 


* “i a Cu-constantan. 


. Mechanical equivalent of heat, summary to 1900 (Ames) . 


% . oo “best value 


. Conversion factors, work units 
213. 


English and American horse power, aleieade ead aia eed 


MELTING AND BorILInG POINTS 


Melting points of the chemical elements 

Boiling points of the chemical elements 

Melting points, effect of pressure 

Freezing point of water, effect of pressure 

Boiling point, effect of pressure . ; ; 
Inorganic compounds, melting and poling eee. densiteam 


220. 


221. 
222. 
223. 
224. 
225. 
226. 
227. 
228. 


229. 
230. 
231. 
a2. 
233. 
234. 
235. 
236. 
237. 


238. 
239. 
240. 
241. 
242. 


243. 
244. 


245. 
246. 
247. 
248. 
240. 
250. 


CONTENTS. 


Organic compounds, melting and boiling points, densities: 
(a) Paraffin series 
(b) Olefine series 
(c) Acetylene series 
(d) Monatomic alcohols 
(e) Alcoholic ethers 
(f) Ethyl ethers . 
(g) Miscellaneous ; 
—s points of various mixtures ‘of irobiile : 


“ “ “ “ “ “ 


Low-melting-point alloys . 


Transformation and melting points, a aareis and piece : 


Lowering of freezing points by salts in solution . 
Raising of boiling points by salts in solution 
Freezing mixtures . 


Critical temperatures, ears Pellinies” donate a me 


THERMAL CONDUCTIVITY 


Thermal conductivity of metals and alloys . 
i 5 insulators, high temperatures . 
various substances 
building materials . 
various insulators . 
water and salt solutions 
organic liquids. 
gases 


a “cc 


“ “ 


Diffusivities 


EXPANSION COEFFICIENTS 


Linear expansion of the elements Ate 
“ i: “* miscellaneous substances . 
Cubical expansion of solids . 
Y > “* liquids 


“ce “ ‘ gases ‘ 


Speciric HEATS 
Specific heats of elements. 


Heat capacities, true and mean specific heats ne nen heat ee 


fusion of the metallic elements, o° to 1600° C . 


Atomic heats, atomic volumes, specific heats at 50° K, elements 


Specific heats of various solids. 
" ‘“¢ “water and mercury . 
various liquids . 
heat of saturated liquid ammonia, — 50° fi + 50° C. 
Heat contents of saturated liquid ammonia, —50° to +50° C 


“ « “cc 


282. 
283. 


CONTENTS. 
. Specific heats of minerals and rocks . . . . . Vas 
ps (true and mean) of silicates, 0° eh 1400° re 5 
sd “of gases and vapors, also by Co 


LATENT HEATS 


. Latent heats of vaporization 


ce “ “cc “ formulae . 
cc a3 “ce (a9 ammonia 


. “Latent heat of pressure variation” of liquid ammonia. 

. Latent and total heats of vaporization of elements, — theoretical 
Mer roperties OL Saturated steam. . 5. 6s etek kk 

. Latent heats of fusion . 


HEATS OF COMBUSTION, FORMATION, ETC. 


. Heats of combustion of some carbon compounds 


er ec ““ miscellaneous compounds . 


. Heat values and analyses of various fuels: (a) coals and coke . 
(b) peats and woods . 


(c) liquid fuels 
(d) gases . 


. Chemical and physical properties of explosives 

. Additional data on explosives . ‘ 

. Ignition temperatures of gaseous fridturés 

. Explosive decomposition, ignition temperatures 

. Flame temperatures . 

. Thermochemical data: heats af fordieataen froth elements . 


ce “ cc “ cs of ions 
“ “ «© yeutralization. 
é «“ «© dilution of sulphuric abi 


RADIATION 


. Radiation formulae and constants for perfect (black-body) radiator . 


“3 in calories for perfect radiator, various temperatures . 
33 distribution in spectrum for various temperatures 


. Black-body spectrum intensities, 50° to 20000° KK... . . , 
. Relative emissive powers of various bodies for total radiation . 
. Emissivities of metals and oxides 


cc “ “ ce “ 


. Temperature scale for tungsten, — color, black-body and true tem- 


peratures 


. Color minus brightness tehiperature for carbon ; 


COOLING BY RADIATION, CONDUCTION, AND CONVECTION 


Cooling by radiation and convection: ordinary pressures . 
- = * i “ different pressures . 


290. 


200. 
292. 
293. 
294. 
295. 
206. 
297. 
208. 


299. 
300. 
301. 
302. 
303. 
304. 


305: 
300. 


307: 
308. 
3°9- 
310. 
eri. 


312. 
313. 


CONTENTS, 


. Cooling by radiation sie convection: very small pressures. . . . . 


a i ‘- “5 temperature and pressure effect 


. Conduction of heat across air spaces, ordinary temperatures 
. Convection of heat in air at ordinary temperatures ........ 


cc 


and conduction of heat by gases at high temperatures: 
(a) sas function of o/B:.. .. . 2 ye, i 
(6) ‘@ in watts per‘cm. as f(T" K) 05> 2S es 


. Heat losses from incandescent filaments: ............-. 


(c) Wires of platinum sponge ... ....... 4.4) & 2 
(0)... © bright platinum .. 2). 46! eis 


THe Eve AND RADIATION 


Spectral variation of sensitiveness as function of intensity Li 
tion intensities under various circumstances) .......°.. 
Threshold sensibility as related to field brightness. ........ 
Heterochromatic threshold sensibility .......... . 508 
Contrast.or photometric sensibility ..... ....: »/.)3 
Glare sensibility... ff. 0. 6 5 6 6 eu Ne 0 ons rr 
Rate of adaptation of eenibilie «a a) we a tha a 
Apparent diameter of pupil and flux density at retina... 
Relative visibility of radiation of different wave-lengths ...... 
Miscellaneous eye data: physiological; persistence of vision; sensi- 
- pility to small differences of color; flicker .......... 


PHOTOMETRIC TABLES 


Photometric definitions and units . . .... +. +... 
i standards 9. 2. 45.7. 49. We 2 ao 2 
Intrinsic brightness of various light sources. . . . . . .) ue 
Visibility of white lights . ‘ 
Brightness, Crova wave-length, eel equivalent of light 
Luminous and total intensity and radiant luminous efficiency of a 
black-body; minimum energy necessary for light sensation . 
Color of light emitted by various sources. . . . 2... +--+ ee 
Efficiency of various electric lights 2. ...).. <5) seen 


i Oe Me Mee Ce cee CC 


PHOTOGRAPHIC DATA 
Numerical constants characteristic of a photographic plate. ... . 
Relative speeds of various photographic materials. . ....... 
Variation of resolving power with plate and developer. ...... 
Photographic efficiencies of various lights ......... eras 
Relative intensification of various intensifiers. ........ te 


SPECTRUM WAVE-LENGTHS 
Wave-lengths of the Fraunhofer lines ......... . ae 
Standards: Red cadmium line, 76 cm, 15°C, Angstroms. ..... 


252 
252 
253 
253 
254 
254 
254 
255 
255 
255 


256 
256 
257 
257 
257 
257 
258 
258 


258 


259 
260 
260 
260 
261 


261 
261 
262 


263 
263 
263 
264 
264 


265 
266 


"314. 
315. 
316. 
317- 
318. 


BIO. 
320. 
321. 
B22. 
323. 
324. 


325. 
326. 
327- 
328. 
329- 
330. 
S31. 
332. 
333: 
334- 
335: 
330. 
337- 
338. 
339+ 
340. 
341. 


342. 
343. 


344. 
345: 
346. 
347. 
348. 
349. 


35° 


CONTENTS. XV 


Standards: International secondary Fe arc standards, Angstroms . . 266 


ch International secondary Fe arc standards, Angstroms . . 266 

RS Neon wave-lengths . ..... et Gra Ris Cane CG REAS 266 

= International tertiary Fe arc standards, Angstroms . . . 267 
Reduction of wave-lengths in air to standard conditions:. . . .. . 268 
(a) (d — dy)/dy X 1000; B, 60 to 78 cm, f, 9° to 35°C. . .:. 5 268 

(b) ) = do(10 a No’ ) (d = do) /do Ge, JON et ale ein Rioe cee | Same 268 
Bee OMG e LeTIONE Sao ine het fed sh Skene eoee salto we wt 269 
pe crcuunpines or thevelements (Kayser) . . .:-. «6... kee 270 
Standard solar wave-lengths (Rowland) ............. 272 
Becca cekies, COMerd) GISCUSSION! 958 fie i. By serves wp cd oecen 275 
“ pay elke) Gt SOmMe Gh te SEES: Se 4 <chd daecahie’. Mia's 276 

Fe *¢ first terms and vibration differences ....... 276 


INDICES OF REFRACTION 


Pamicesor reiraction-of plass*(American) 2°20 °° ORO, 277 
ieemer on on, ciasses-ar. fable gay. ee) JAY PO 7 
Indices of refraction of glasses made by Schott and Gen, Jena. . . . 278 
Peerennanra: ena classes: \. nes Lt) 002) See OR Ay Paes BT esi) 278 
Changes of indices for 1° C change for some Jena glasses. . . . .. 278 
fees ig: reaction of rock-salt im air’. Pe Le ee ep og 279 
Witunge of indices for 1° 'C change for rock-salt . 2. 2°. 2S oS ww. 279 
Index of refraction of silvine (potassium chloride) inair ...... 270 
a Ff DeAinouiue tied Ye. Gees eee a ee eng 280 
hance of indices ior 1~\C change for fluorite: 2. coer. ie | 280 
index.of refraction of iceland:spar (CaCO;) inair ......... 280 
eee e-mutroso-dimethyi-amiline. o)2)' 2 2°) 3 a... 280 
eet ss eat eMC Nee WU ML WS. ee eet 281 
Sugiveset retraction for:variousialums 2°26) 00-2.)0. 206 2 3 6 oe 281 
Ean pteiraction; selected isotropic minerals) sh..¢ 0... ee 282 
ree: Miscellaneous isotropic solids . . .... Oe ae aS 
Pee e Selected uniaxial minerals (positive) . . . . . 284 
arts ie ¢ ¥4 a elepaive) Soc! . aa 
ie! Miscellaneous uniaxial crystals. . . ... C3) ee 
eae oh Selected biaxial minerals (a) positive. .... 286 
ce < as au sé % (b) negative . . .. 287 
Sy toa a Miscellaneous-biaxial crystals) vas. 245k 289 
oe i Liquefied gases, oils, fats, waxes... ...., 289 
ae ae A auids relative tera at See. 4) ee 290 
AN A a Solutions of salts and acids relative to air .°. 201 
Niel sa Ganessamd vapors di ecu 7. GRR 292 


Air, 15° C, 76 cm; also corrections for reduc- 
ing wave-lengths and frequencies in air to vacuo (see Table 318) . 293 
Media for microscopic determinations of refractive indices: liquids 
MEE pOsGSOfL) = 1:74 101.87 ...45 6000006 Ree are 294 


353: 
354: 


355: 
356. 
357: 
358. 


359: 
360. 


361. 
362. 
363. 
364. 
365. 


366. 
367. 
368. 
369. 
370. 
371. 
472. 
373: 
374: 
375+ 
376. 
377: 
378. 
379- 


380. 
381. 


382. 


CONTENTS. 


_ Media for microscopic determinations of refractive indices: resin-like 


substances, #p(0.589p) = 1-88 tO0.2:10 . 6 6 6 4 we oe eS 


. Media for microscopic determinations of refractive indices: perma- 


nent standard resinous media, mp = 1.546 to 1.682. ..... 


“cc “cc 6c “cc 


. 8 © o @ ‘e° « -e )ia “ew “Se | is) "0/ | Come 


REFLECTING POWER 


Reflecting power of metals (see Table 359)... ..---++.:s 
Light soko when incident light is normal to a medium . 
SS * nis near unity or eon 1+dn,i=0° to go’. 
= 1.55,4=0 to go’, polarization percentages. 
Reflecting power of metals (see Table 355) Wine eee. x la er 
Percentage diffuse reflection from various substances ...... . 
Reflecting power of pigments, A= 0.44" too.7om. . 2... wee 
Infra-red diffuse reflecting power of dry pigments. ........ 
Reflecting power of powders (white light). ..., «/:) «es 2 ee 
Variation of reflecting power of matt and silvered surfaces with angle 
Infra-red reflectivity of tungsten, temperature variation 


be 6c cc 


o 6 Le) Sees 


TRANSMISSIVE POWERS 


Transmissibility of radiation by dyes, \ = 0.44p to 0.70u 


66 66 (73 


“ Jena glasses, 0.375 to 3.1ft 3 “eee 
ey g 2 ey ‘9280 to 61644 Seer 
by Jena ultra-violet glasses, 0.280 to 0.397M@ . . 
of radiation by glasses (American) 0.5 to5.0u@ .. . 
by same glasses for various lights ........ 
of radiation by substances of Tables 330 to 338. . . 
Color screens (Landolt). s0.00 Se ea. 2 Sr 
as «© (Wood) .. 2°... 4 Sand 29534 
6 (Jena-glassés)) 9 ..0) Jt Go) 2 sr 
Transmissibility of radiation by water, \ = 0.1864 to0.945@ ... .« 
Transmission percentages of radiation by moist air, 0.754 to 20m. . 
Long-wave absorption by gases, 23u to 314M... - s+ ee ee 
Properties with wave-lengths 108+ p: 
(a) Percentage reflection) . «0.0.44 sl © 2 
(6) Percentage transparency ....lu0 4). .). 29) See 
(c) Transparency of black absorbers, 24 to1o8u ..... . 
Rotation of plane of polarized light by solutions ......... 
: ener vs “ sodium chlorate and quartz 


Electrical equivalents ..... git. PRG Recker «tenga 


294 


294 


295 
296 


296 
207 
207 
207 
298 
298 
299 
299 
300 
300 
300 


301 
302 
302 
302 
393 
304 
395 
306 
306 
397 
3°7 
308 
309 


309 
309 
309 
310 
310 


3II 


CONTENTS. Xvli 


ELECTROMOTIVE POWERS 


See. Data for voltaic cells: (2) double-fluid cells... . ........ 312 
Ciyrsereme-tngie Cells a Se 313 
Ce SMAMEC Bello, ss Se! wh ea ets 313 
Cy Secor y CONG) ii. hs we ee se es 313 

384. Contact potential differences, solids with liquids and liquids with 
LOM) oLGcn ie ger aN oii bd coi ae i 314 
385. Contact potential differences between metals in salt solutions. . . . 316 
See lieemociectric Power Ol metals. 2 1. le 317 
307. “ hee Psi, SiSigthea ah epg Se es a ene a 318 
388. " aeer PSRPENINOIE worst fay oe tae roe ash hes Sams ee 319 
380. - x * of platinum-rhodium alloys . 319 
390. Re RSS ites eo is ee i gal oa oe 320 
mere teltier and. Thomson heats;pressure €fiects 2... 320 
Eee HCG ee eh min nen Sets Se vk Spee Te oREICS ay eS 321 
a “ -Fe-constantan, Ni-Cuyo° to-s60° Ce eee eee 321 
eee electromotive force in millivolts)... .).6 6 es) eee el 322 
0 SENS natlofeseligeag tact 9 ee en en rs 322 

ELECTRICAL RESISTANCE 
396. Auxiliary table for computing wire resistamces. .. ........ 322 
397. Resistivity of metals and some alloys, temperature coefficients . . . 323 
398. Resistance of metals under pressure, temperature coefficients . . . . 326 
399. Resistance of mercury and manganin under pressure ....... 326 
400. Conductivity and resistivity of miscellaneous alloys ........ 327 
401. Conducting power of alloys, temperature coefficients ....... 328 
402. Allowable carrying capacity of rubber-covered copper wires .... 329 
mee.) Inesistivities at high and low temperatures . . 2. 2. 2 6 8 6 ws 330 
404. Volume and surface resistivity of solid dielectrics ......... 331 
405. Variation of resistance of glass and porcelain with temperature . . . 332 
(a) Temperature coefficients for glass, porcelain and quartz . . 332 
WirE TABLES 

fee Papwlar comparison of wire gages... ww wt te es 333 
407. Introduction; mass and volume resistivity of copper and aluminum . 334 
me Peninerature Goeiicients Gf copper... . ... «1 et tt 335 
409. Reduction to standard temperature,copper ........-..--. 335 
410. “ee copper wire table, English units, B. &S. gage ...... 336 
Ait. e a ’ Metric wits, 5. @S, gage. . . .ae- 339 
412. Hard-drawn aluminum wire table, English units, B. & S. gage . . . 342 
413. os S ‘“ - ‘Metric units, B..& S. gages. .°: 343 
414. Ratio of alternating to direct current resistances for copper wire . . 344 

415. Maximum diameter of wires for high-frequency-alternating-to-direct- 


Guttent ratio of rot. . 4... By RN ak? sd ade A p/p 344 


XViii CONTENTS. 


ELECTROLYSIS 
416. Electrochemical equivalents . . . 1). «+ © 4 + 5 + 0's . «oe 
417. Conductivity of a few dilute solutions... . 346 
418. Electrochemical equivalents and densities of neuly spend sola 346 
419. Specific molecular conductivity of solutions .. . — 
420. . : rt hs id limiting rales oe 
Agh  e i ‘a fe temperature coefficient . 348 
422. Equivalent conductivity of salts, acids, bases in solution. . . . . . 349 
423. * “some additional salts in solution . . . . 351 
424. "i conductance of separate ions... . .. 3 352 
425. Hydrolysis of ammonium acetate and ionization a ae -. 6 eee 352 


DIELECTRIC STRENGTH 


426. Steady potential for spark in air, ballelectrodes ......... 353 
427. Alternating potential for spark in air, ballelectrodes ....... 353 
428. Steady and alternating potential for longer sparks in air... . . . 354 
429. Effect of pressure of the gas on the dielectric strength . . ... . . ea 
430. Dielectric strength of various materials. ... ..... . . 30am - g55 
431. Potential in volts for spark m:kerosene . 2.2. .°. | ee 355 


DIELECTRIC CONSTANTS 


432. Specific inductive capacity of gases, atmospheric pressure .... . 356 
433. Variation of dielectric constant with the temperature (gases) . . . . 356 | 
434. 7 ms “c ** pressure (gases) .- -) 357 0m 
435. Dielectric ent OF Notts.) ) secre. .'. +9) : 
436. i “* liquids, temperature sperheremte . 4 359 
437: re : ** Niquiented ‘gases... -: 2 ne 
438. - es “ standard solutions for cakberian . 2 
430. iH ce SOS. 20.0. Sa Ge 2 ee ~ '»,\ 30e 
440. So . crystals’ . 050. 5 se 361 


WIRELESS TELEGRAPHY 


441. Wave-lengths, frequencies and oscillation constants ........ 362 
442. Antennae resistances for various wave-lengths and heights . . . . . 364 
443. Dielectric properties of non-conductors ....... 2... es 364 


MAGNETIC PROPERTIES 


444. Definitions and general discussion. . . ......-.+-+ +s 8 oe 365 
445. Composition and magnetic properties of iron ind steel (old data) »..5 S67 
446. Magnetic properties of iron and steel . . . .@. . . 5s . 3 Gea 368 
447. Castiiron in’ inténbemields 0 OO . ee ee 


448. Corrections for ring specimeng ........++6+s+++ 6 8 goo 


CONTENTS. xix 


449. Magnetic Pepe of various types of iron and steel... . . . . 369 
450. “a specimen of very pure iron (0.017% C) . . 369 
451. ue SPEICEHIOME SHEELS. 2 oO MMT MO a fe, 369 
452. i Uaauilenicam miagmet steel Garithos Ky. “g%0 
453: 4 ie “a ferro-cobalt alloy... . rey (°) 
454. “ ee "a ring sample transformer ae) weak field yn gO 
455: . cf wom im -yeny weak fields 010,152 SVM yy 370 
56, Permeability of some specimens of Table 445... 2. 2 2k, 27a 
457- ptaEneue properties, of soft-iromat o° and zoo’ C-. 2.8 28-20 py 371 
458. “ PREC ENO RUNGMEO Oa Vee eS SO ete 371 
459. Magnetism and temperature, critical temperature ........ 372 
460. Temperature variation for paramagnetic substances... ..... 372 
461.. *: effect on susceptibility of diamagnetic elements . . . . 372 
462. a ithe ch is We eo Clements ics, 33 372 
463. aneneue seals ercabaleato and:zoo) C+. Pee oS. VK} 
464. ‘CCE "ON Aa et Gs ac ERS i aR 373 
465. ff re mnaemetite ’ 3). i, AIT aN Oc 52 hae B93 
466. | -howmoor wrousitiron "i SPN eo Tes gas 
467. S 7 patemer ween! StGely hi. ye at cu Mt hey Me 373 
468. . by * Hadteld’s manganese steel, 9. 3... a a 373 
469. sd > Saturation-values tor steels: Y.-B 98 
470. peeenctizing PAUGESBHE ROOST nit ic Sk aoe ks aM IN gis to ee coed, tea 374 
471. SiG ik Ti Sib bata al ne cs Sai ae le i i alle ae R 374 
472. Dissipation of energy in cyclic enon, “Stemmiet eeaceint sean 5 
473. Energy losses in transformer steels. . . . . LEEDS CS ECE A DIM 376 


Sper ieLic SUSCEPLIDIItY Co. gel. Ek ew cw ee be ee ye Evi | 


MAGNETO-OPTIC ROTATION 


475. Magneto-optic rotation, general discussion. . ......2...'. 378 
476. “a Ev) PeOnea ey Cheeta Constante 5 8s, Me sen te) Bs 379 
477: * Seer CGS. Vetter SCOUStARt ibn os a ee 380 
478. os | = Saltiandamewater solutions“... .... . 381 
470. te Richie (ASE rN ETUC SICONSUAT yt.) au waie ys ay 6 382 
Seems nee Ss AnOn Und S CONStANIS 0. cc he ae ew 382 
meq. Values of Kerr’sconstant ...... LS Sasey? cee att (on ah ae 383 
MMORPG IGE OH INETIEMECE (OnLy sce ee se ea ce ec ee 8 ke 383 
483. at i PPR Ea Val ate he us} ha'niys Sori ck -: sn 383 


Various MAGNETIC EFFECTS 


484.‘ Resistance of metals, variation in transverse magnetic field (Bi) . . 384 


485. Increase of resistance in transverse magnetic field (Ni). ..... . 384 
486. Change of resistance of various metals in magnetic field ..... . 384 
487. Transverse galvanomagnetic and thermomagnetic effects... .. m 0985 


488. Variation of Hall constant with temperature ... 1... +++ 385 


499. 


500. 
501. 
502. 
503. 
504. 
505. 
506. 
507. 
508. 
500. 
510. 


Sil. 
biz. 
513. 
514. 
515. 
516. 
BET. 
518. 
519. 


520. 
521. 


CONTENTS. 


CATHODE AND CANAL RAys 


. Cathode and calial rays: oo br ASAP ae ee 
. Speed of cathode rays)... 6 Pe oe. 
. Cathodic sputtering *. Se a ae ee ee 


RONTGEN (X-RAYS) Rays 


. X-rays, general properties, jis ee a) eee Se 
. Réntgen secondary rays.) ./6 0 fo ee oe SR 
. Corpuscular rays: 2) i) "aid pi kp ty. nay eee 
. Intensity of X-rays; ionization... st 1.9. .0. evs) 
. Mass absorption coefficients, \/d . . . ass « ws. oe 
. Absorption coefficients of characteristic radiations in gases . . . . . 
. X-ray spectra andgatomic numbers»... sy) 3.5 .: / 


(G@) AR=SCEIES cid meove thes Ga 
(B) EeSeries .. 93's & gay Ui .e ctl a, Soyer 
(c) M-BeRIES 018. whe iets Gir Mo 
(d) Tungsten X-ray spectrum... ...'. ..\). . 
X-ray absorption spectra and atomicnumbers .......... 


RADIOACTIVITY 


Relative phosphorescence excited by radium ........... 
The production of a particles (Helium) . .. ¢ ..5 «. =) une 
Heating effect of radium and itsemanation ........... 
Stopping powers of various substances forarays ......... 
Absorption of 8 rays by various substances ........... 

s “* y rays by various substances . . |... j.) see 
Table of miscellaneous properties . ... . ... . .... 7 
Total number of ions produced by the a, 8, andy rays ...... 
Amount of radium emanation 2 3.9. 5 ss... ee 
Vapor pressure of the radium emanationincmof Hg ....... 
References to spectra of radioactive substances .......... 


MOoLEcuLar, ATOMIC AND Tonic DATA 


Molecular velocities... 0... 2s. sw & sce + 

* free paths, collision frequencies and diameters : oy 
Cross sections and lengths of some organic molecules. . . . . . 2 . 
Size of diffracting units in crystals ..... 2. : = 5 =n 
Electrons; Rutherford atom; Bohr atom; Magnetic field of atom . 
Electron emission from hot metals ...: .. 3 . « «nn 
Photo-electtic effect .°. . 66. 5 2s ne LOS er 
Ionizing potentials, resonance potentials, single line spectra 


Contact (Volta) potentials. ....4..060 0 3. 4 : 


(a) Electron affinity of theelements ..........5.% 
(6) Voltage of electrolytic cells; .. 3)... = = ers. 
Tonic mobilities and diffusions, — ionic mobilities ....... wn 
Diffusion coefficientisoe live) sehraclae- sae AG) 


558. 
559- 


CONTENTS. 


COLLOIDS 


BGenctat propertics.or Collis’ e616) 0) wk el were ee ee 
mealatrcmlarawewnts OFeolloidsr 6. S52) ee 
Deore movement. 2 2) 068. ek ek ee ents 
Adsorption of gas by fimely divided particles»... 0.0. we es 
OEE UE USD SER Ce 0 ea ee er ae 
. Molecular heats of adsorption and liquefaction . ......... 


. Miscellaneous constants, atomic, molecular, etc. ......... 
eerie Weert WS a sa en Se ee, 
bePesingic system oi the elements (Mendelejeff) . .......-s- 
AYER D2 (TIS) ihn a ee 

. Periodic system of the elements and radioactive isotopes (acich) 


ASTRONOMICAL DATA 


. Stellar spectra and related characteristics ............ 
meine Harvard spectrum classiheation. 2 2°... 5 ye ee ee 
menoen ana velocity of salarimetion. ... 2 2... . 2 25 6 Ds 
Permeation temmenenstasre 8, is beef eeeai iss) oh) pu eoes we tec heey hk caer tte’ 
MEE AR Re sTeCUNe SCANS (oy HYP oils gyre fd Soy gree a ba Se 
bere mrtemereln ee. Seat sy sior| 14 So's 9 3,t 5,25 aS ey ss See sy os 
Era me OPUSIIES Wah GM ys og Si eertist ys walyeaye Me ee Le ets 
men mecelancous asttonomucal data 26. 5 fy ee ye ee ee 
ee OMIM UIMG SEATS. 5 os ae! ps eye vegh ye sm elies @ Supe bere 
. Wolf’s observed sun-spot numbers, 1750 to1917 ......... 
mutenete: degrees on the earth’s suriace’. / 2 26 0. 2 ee 
NEMEC 2 he Ee eet 0 Biche: va dar re 
Pe eememcrgtmd tee a a) a ee epee Riera ceteshtdeatee ('s tdos talete Be 
. Numbers and equivalent light ‘i elie aes Sere SN oe, Me 
ee eee mmm re Pare nhar AS AY Pek leh Yb seein Gy lege. eee). Be 
Mebme Onna! SiUSMMe i. 0.) SRDS lade lg nash. laca Po. 
oe b PEI Ciits Gao RSS es beg Oe aCe ie eee 
. Solar spectrum energy and its transmission through the atmosphere . 
. Intensity of solar energy in various sections of spectrum ...... 
. Distribution of brightness (radiation) over the solar disk... .. . 
. Transmission of radiation through moist and dry air (see Table 376) . 
. Brightness of sky at altitudes of 1730 mand sea-level .. ..... 
. Relative distribution in normal spectrum of sun and sky light 

Pe ek chive n/a) aise ee 


METEOROLOGICAL DATA 


Mean monthly and yearly temperatures for representative stations 
The earth’s atmosphere, variation with latitude, miscellaneous 


420 
421 


ee be | 


xXxll CONTENTS. 


560. Variation of percentage composition with altitude, pressure ... . 421 


561. * “‘ temperature, pressure and density withaltitude .... 421 
562. Temperature variation over the earth’s surface... ....... 422 
563. *! Hd with depth, land and acean.'3..:. s/s 0s eueeee 
564. Geochemical data. Meteorites)... 2020.) 5 al 4 sg De 


GEODETICAL DATA 


565. Acceleration of mee sea-level and different latitudes and 
altitudes) 3s" 5% ae 
566. Gravity as observed at various Sine ace godess #: sea- aleve a) ee 
567. ‘corrected to sea-level and for topography and compensation. 426 
568. Length of seconds pendulum, sea-level and various latitudes . . . . 427 
569: . Miscellaneous geodetic data =. 2... Se) 


TERRESTRIAL MAGNETISM 


570. Secular change of declination, 1810 to 1920. . . . - «0 Sas 
571. Dip or inclination, various longitudes and latitudes, 191 5 . 
ry Salas e secular change, 1855 to 1915. . . . 7.) 2 
573- Horizontal intensity, various longitudes and latitudes, 191 5 . » Ree 
574: si secular change, 1860 to 1915: J. 2 7° 
575. Total intensity, various longitudes and latitudes ......... 432° 
Byor secular change, 1855 to 1915. 3s. 3 
sa7. Agonicline, 1d0o0-to Tors. 42s i706 .. 
578. Mean magnetic character by months ae years, 3,906 és von ole Re ee 
579. Recent values of the magnetic elements at magnetic observatories . . 434 


APPENDIX, DFEFTNITIONS «9.0 6) «0 5) 00° s 0 se! el we ee 
Table 580. Temperature measurements ...... oe ee Nee ae 
«¢ 581. Adsorption of H and He by cocoanut charcoal. .... 439 

“« 582. Adsorption by charcoal at low pressures and temperatures 439 

“« 583. Adsorption of hydrogen by palladium black. ...... 439 
“584. Audibility of sound ; f (pressure and frequency) .... 440 
322. Spectrum series (concluded from p. 275). 3) sume . 4at 
“518. Ionizing and resonance potentials (concl’d from p. 403). 442 
«585. List of stars known to be within five parsecs ...... 443 
TETAS es vik ow cle lev: Sichuan aye Re es ‘gee ee 


The following tables appearing in the 6th revised edition of these tables have been omitted: 
Table 222. Newton’s rings; thicknesses corresponding to various colors. 
“ 292. Ratio of the electrostatic to the electromagnetic unit of electricity = v (historical). 
«« 293. Absolute measurement of currents and the E.M.F, of standard cells (historical). 
“ 295. Contact difference of potential in volts ; solids with liquids and liquids with liquids, 
“ 305. Various determinations of the ohm (historical). 


INTRODUCTION. 


UNITS OF MEASUREMENT. DIMENSIONAL AND 
CONVERSION FORMULAE. 


The quantitative measure of anything is expressed by two factors, — one, 
a certain definite amount of the kind of physical quantity measured, called the 
unit, the other, the number of times this unit is taken. A distance is stated 
as 5 meters. The purpose in such a statement is to convey an idea of this dis- 
tance in terms of some familiar or standard unit distance. Similarly quantity 
of matter is referred to as so many grams; of time, as so many seconds, or minutes, 
or hours. 

The numerical factor definitive of the magnitude of any quantity must depend 
on the size of the unit in terms of which the quantity is measured. For example, 
let the magnitude factor be 5 for a certain distance when the mile is used as the 
unit of measurement. A mile equals 1760 yards or 5280 feet. The numerical 
factor evidently becomes 8800 and 26400, respectively, when the yard or the 
foot is used as the unit. Hence, to obtain the magnitude factor for a quantity 
in terms of a new unit, multiply the old magnitude factor by the ratio of the 
magnitudes of the old and new units; that is, by the number of the new units 
required to make one of the old. 

The different kinds of quantities measured by physicists fall fairly definitely - 
jnto two classes. In one class the magnitudes may be called extensive, — in 
the other, intensive. To decide to which class a quantity belongs, it is often 
helpful to note the effect of the addition of two equal quantities of the kind in 
question. If twice the quantity results, then the quantity has extensive (addi- 
tive) magnitude. For instance, two pieces of platinum, each weighing 5 grams, 
added together, weigh 10 grams; on the other hand, the addition of one piece 
of platinum at 100° C to another at 100° C does not result in a system at 200° C. 
Volume, entropy, energy may be taken as typical of extensive,— density, tem- 
perature and magnetic permeability, of intensive magnitudes. 

The measurement of quantities having extensive magnitude is a compara- 
tively direct process. Those having intensive magnitude must be correlated 
with phenomena which may be measured extensively. In the case of tempera- 
ture, a typical quantity with intensive magnitude, various methods of measure- 
ment have been devised, such as the correlation of magnitudes of temperature 
with the varying lengths of a thread of mercury. 


Fundamental Units. —It is desirable that the fewest possible fundamental 
unit quantities should be chosen. Simplicity should regulate the choice, — 
simplicity rst, psychologically, in that they should be easy to grasp mentally, 
and 2nd, physically, in permitting as straightforward and simple definition as 
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possible of the complex relationships involving them. Further it seems desirable 
that the units should be extensive in nature. It has been found possible to 
express all measurable physical quantities in terms of five such units: rst, geo- 
metrical considerations — length, surface, etc., — lead to the need of a length; 
and, kinematical considerations — velocity, acceleration, etc.,—introduce time; 
3rd, mechanics — treating of masses instead of immaterial points — intro- 
duces matter with the need of a fundamental unit of mass; 4th, electrical, and 
5th, thermal considerations require two more such quantities. The discovery 
of new classes of phenomena may require further additions. _ 

As to the first three fundamental quantities, simplicity and good use sanction 
the choice of a length, L, a time interval, T, and a mass, M. For the measure- 
ment of electrical quantities, good use has sanctioned two fundamental quan- 
tities, — the dielectric constant, K, the basis of the “‘electrostatic” system and 
the magnetic permeability, yw, the basis of the “electromagnetic” system. Besides 
these two systems involving electrical considerations, there is in common use a 
third one called the ‘‘international” system which will be referred to later. For 
the fifth, or thermal fundamental unit, temperature is generally chosen.! 


Derived Units. — Having selected the fundamental or basic units, — namely, 
a measure of length, of time, of mass, of permeability or of the dielectric 
constant, and of temperature, — it remains to express all other units for physi- 
cal quantities in terms of these. Units depending on powers greater than unity 
of the basic units are called “derived units.”” Thus, the unit volume is the volume 
of a cube having each edge a unit of length. Suppose that the capacity of some 
volume is expressed in terms of the foot as fundamental unit and the volume 
number is wished when the yard is taken as the unit. The yard is three times 
as long as the foot and therefore the volume of a cube whose edge is a yard is 
3X 3X3 times as great as that whose edge is a foot. Thus the given volume 
will contain only 1/27 as many units of volume when the yard is the unit of 
length as it will contain when the foot is the unit. To transform from the foot 
as old unit to the yard as new unit, the old volume number must be multiplied 
by 1/27, or by the ratio of the magnitude of the old to that of the new unit of 
volume. This is the same rule as already given, but it is usually more conven- 
ient to express the transformations in terms of the fundamental units directly. 
In the present case, since, with the method of measurement here adopted, a 
volume number is the cube of a length-number, the ratio of two units of volume 
is the cube of the ratio of the intrinsic values of the two units of length. Hence, 
if / is the ratio of the magnitude of the old to that of the new unit of length, the 
ratio of the corresponding units of volume is /*. Similarly the ratio of two units 
of area would be /*, and so on for other quantities. 

1 Because of its greater psychological and physical simplicity, and the desirability that the 
unit chosen should have extensive magnitude, it has been proposed to choose as the fourth fun- 
damental quantity, a quantity of electrical charge, e. The standard unit of electrical charge 
would then be the electronic charge. For thermal needs, entropy has been proposed. While 
not generally so psychologically easy to grasp as temperature, entropy is of fundamental im- 


portance in thermodynamics and has extensive magnitude. (R. C. Tolman, The Measurable 
Quantities of Physics, Physical Review, 9, p. 237, 1017.) 
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Conversion Factors and Dimensional Formulae. — For the ratios of length, 
mass, time, temperature, dielectric constant and permeability units the small 
bracketed letters, [7], [m], [#], (@], (kJ, and [uJ will be adopted. These symbols 
will always represent simple numbers, but the magnitude of the number will 
depend on the relative magnitudes of the units the ratios of which they repre- 
sent. When the values of the numbers represented by these small bracketed 
letters as well as the powers of them involved in any particular unit are known, 
the factor for the transformation is at once obtained. Thus, in the above ex- 
ample, the value of / was 1/3, and the power involved in the expression for volume 
was 3; hence the factor for transforming from cubic feet to cubic yards was /? 
or 1/3° or 1/27. These factors will be called conversion factors. 

To find the symbolic expression for the conversion factor for any physical 
quantity, it is sufficient to determine the degree to which the quantities length, 
mass, time, etc., are involved. Thus a velocity is expressed by the ratio of the 
number representing a length to that representing an interval of time, or [L/T], 
and acceleration by a velocity number divided by an interval-of-time number, 
or [ L/T*], and so on, and the corresponding ratios of units must therefore enter 
in precisely the same degree. The factors would thus be for the just stated cases, 
[2/t] and [//i]. Equations of the form above given for velocity and acceleration 
which show the dimensions of the quantity in terms of the fundamental units 
are called dimensional equations. Thus [FE] =[ML?T-*] will be found to 
be the dimensional equation for energy, and [ML?7-*] the dimensional formula 
for it. These expressions will be distinguished from the conversion factors by 
the use of bracketed capital letters. 

In general, if we have an equation for a physical quantity, 

O— CLeMear, 
where C is a constant and L, M, T represent length, mass, and time in terms 
of one set of units, and it is desired to transform to another set of units in terms 
of which the length, mass, and time are L,, M,, T,, we have to find the value of 
L,/L, M,/M, T,/T, which, in accordance with the convention adopted above, 
will be /, m, t, or the ratios of the magnitudes of the old to those of the new units. 

Thus L, = Ll, M, = Mm, T, = Ti, and if Q, be the new quantity number, 

Q, af CLM PT, 
SCL eMtee T =Ornr, 
or the conversion factor is [/*m*i*], a quantity precisely of the same form as the 
dimension formula [ L*M°T~]. 

Dimensional equations are useful for checking the validity of physical equa- 
tions. Since physical equations must be homogeneous, each term appearing in 
them must be dimensionally equivalent. For example, the distance moved by 
a uniformly accelerated body is s = wot + 3a#%. The corresponding dimensional 
equation is [L] = [(L/T)T]+ [(L/T?)T?], each term reducing to LL]. 

Dimensional considerations may often give insight into the laws regulating 
physical phenomena.! For instance Lord Rayleigh, in discussing the intensity 


1 See “On Physically Similar Systems; Illustrations of the Use of Dimensional Equations,” 
E. Buckingham, Physical Review, (2) 4, 345, 1914; also Phil. Mag. 42, 696, 1921. 


xxvi INTRODUCTION. 


of light scattered from small particles, in so far as it depends upon the wave- 
length, reasons as follows:' 


“The object is to compare the intensities of the incident and scattered.ray; for these will 
clearly be proportional. The number (7) expressing the ratio of the two amplitudes is a function 
of the following quantities: — 7, the volume of the disturbing particle; r, the distance of the 
point under consideration from it; A, the wave-length; b, the velocity of propagation of light; 
D and D’, the original and altered densities: of which the first three depend only on space, the 
fourth on space and time, while the fifth and sixth introduce the consideration of mass. Other 
elements of the problem there are none, except mere numbers and angles, which do not depend 
upon the fundamental measurements of space, time, and mass. Since the ratio 7, whose expres- 
sion we seek, is of no dimensions in mass, it follows at once that D and D’ occur only under the 
form D: D’, which is a simple number and may therefore be omitted. It remains to find how 
i varies with T, r, A, b. 

““Now, of these quantities, b is the only one depending on time; and therefore, as 7 is of no 
dimensions in time, ) cannot occur in its expression. We are left, then, with 7, 7, and A; and 
from what we know of the dynamics of the question, we may be sure that 7 varies directly as 
T and inversely as r, and must therefore be proportional to T + \*r, T being of three dimensions 
in space. In passing from one part of the spectrum to another J is the only quantity which 
varies, and we have the important law: 

“When light is scattered by particles which are very small compared with any of the wave- 
lengths, the ratio of the amplitudes of the vibrations of the scattered and incident light varies 
inversely as the square of the wave-length, and the intensity of the lights themselves as the 
inverse fourth power.” 


The dimensional and conversion-factor formulae for the more commonly 
occurring derived units will now be developed. 2 


Area is referred to a unit square whose side is the unit of length. The area of 
a surface is expressed as 
S = CL?, 
where the constant C depends on the contour of the surface and ZL is a linear 
dimension. If the surface is a square and L the length of a side, C is unity; 
if a circle and L its diameter, C is 7/4. The dimensional formula is therefore 


[ L?] and the conversion factor [/?]. (Since the conversion factors are always of 


the same dimensions as the dimensional formulae they will be omitted in the 
subsequent discussions. A table of them will be found on page 3.) 


Volume is referred to a unit cube whose edge is the unit of length. The volume 
of a body is expressed as 
Vn. 
The constant C depends on the shape of the bounding surfaces. The dimen- 
sional formula is [L*]. 


Density is the quantity of matter per unit volume. The dimensional formula 
is [M/V] or [ML-*]. 


Ex. — The density of a body is 150 pd. per cu. ft.: required the density in grains per cu. in. 
Here m, the number of grains in a pd., = 7000; /, the number of in. in a ft., = 12; ml = 7000/12 
= 4.051. The density is 150 X 4.051 = 607.6 grains/cu. in. 


The specific gravity of a body is the ratio of a density to the density of a standard 
substance. The dimensional formula and conversion factor are both unity. 


1 Philosophical Magazine, (4) 41, p. 107, 1871. 
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Velocity, », of a body is dL/dt, or the ratio of a length to a time. The dimen- 
sional formula is [ LT-"]. 


Angle is measured by the ratio of the length of an arc to its radius. The di- 
mensional formula is unity. 


Angular Velocity is the ratio of the angle described in a given time to that 
time. The dimensional formula is [7—"]. 


Linear Acceleration is the rate of change of velocity or a = dv/dt. The dimen- 
sional formula is [V7-!] or | LT-*]. 

Ex. — A body acquires velocity at a uniform rate and at the end of one minute moves at the 
rate of 20 kilometers per hour: what is the acceleration in centimeters per second per second? 
Since the velocity gained was 20 km per hour in one minute, the acceleration was 1200 km 
per hour per hour. / = 100000, ¢ = 3600, /f-* = 100000/36007 = 0.00771; the acceleration = 
.0077I X 1200 = 9.26 cm/sec. 


Angular Acceleration is rate of change of angular velocity. The dimensional 
formula is [ (angular velocity)/T] or [T-?]. 


_ Momentum, the quantity of motion in the Newtonian sense, is measured by 
the product of the mass and velocity of the body. The dimensional formula is 
[MV] or [MLT-"]. 


Moment of Momentum of a body with reference to a point is the product of 
its momentum by the distance of its line of motion from the point. The dimen- 
sional formula is [M/L?7-*]. 


Moment of Inertia of a body round an axis is expressed by the formula Zmr?, 
where m is the mass of any particle of the body and 7 its distance from the axis. 
The dimensionat formula for the sum is the same as for each element and is 
[mM L?}. 


Angular Momentum of a body is the product of its moment of inertia and 
angular velocity. The dimensional formula is [M/L?7-"]. 


Force is measured by the rate of change of momentum it can produce. The 
dimensional formulae for force and “time rate of change of momentum” are 
therefore the same, the ratio of a momentum to a time [ML7~*]. 

Ex. — When mass is expressed in lbs., length in ft., and time in secs., the unit force is called 
the poundal. When grams, cms, and secs. are the corresponding units, the unit of force is 
called the dyne. Find the number of dynes in 25 poundals. Here m = 453.50, 1 = 30.48, f= 1; 
mii = 453.59 X 30.48 = 13825 nearly. The number of dynes is 13825 X 25 = 345625 approxi- 
mately. 

Moment of Couple, Torque, or Twisting Motive can be expressed as the product 
of a force and a length. The dimensional formula is [FL] or [ML?T-*]. 


Intensity of Stress is the ratio of the total stress to the area over which the 
stress is distributed. The dimensional formula is [FL~2] or [ML~T-*]. 


Intensity of Attraction, or “‘ Force at a Point,” is the force of attraction per 
unit mass on a body placed at the point. The dimensional formula is [FM] . 
or [L7-*], the same as acceleration. 
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Absolute Force of a Center of Attraction, or ‘ Strength of a Center,” is the 
intensity of force at unit distance from the center, and is the force per unit mass 
at any point multiplied by the square of the distance from the center. The 
dimensional formula is [F L?M-"] or [L°T-*]. 


Modulus of Elasticity is the ratio of stress intensity to percentage strain. The 
dimensional of percentage strain, a length divided by a length, is unity. Hence 
the dimensional formula of a modulus of elasticity is that of stress intensity 
MEA 

Work is done by a force when the point of application of the force, acting on 
a body, moves in the direction of the force. It is measured by the product of 
the force and the displacement. The dimensional formula is [PL] or [ML?T-]. 


Energy. — The work done by the force produces either a change in the veloc- 
ity of the body or a change of its shape or configuration, or both. In the first 
case it produces a change of kinetic energy, in the second, of potential energy. 
The dimensional formulae of energy and work, representing quantities of the same 
kind, are identical [ML?7-*]. 


Resilience is the work done per unit volume of a body in distorting it to the 
elastic limit or in producing rupture. The dimensional formula is LM L?7—L-] 
or Lato? *). 

Power or Activity is the time rate of doing work, or if W represents work and 
P power, P = dw/dt. The dimensional formula is [W7-'] or [ML?T-*], or for 
problems in gravitation units more conveniently [FLT~"], where F stands for 
the force factor. 


Exs. — Find the number of gram-cms in one ft.-pd. Here the units of force are the attrac- 
tion of the earth on the pound and the gram of matter. (In problems like this the terms “grams” 
and “pd.” refer to force and not to mass.) The conversion factor is [ j/], where f is 453.59 and 
lis 30.48. The answer is 453.59 X 30.48 = 13825. 

Find the number of ft.-poundals in 1000000 cm-dynes. Here m= 1/453.59, 1 = 1/30.48, 
t=1; mt? = 1/453.59 X 30.48%, and 10°m/*t? = 108/453.59 X 30.48? = 2.373. 

If gravity produces an acceleration of 32.2 ft./sec./sec., how many watts are required to make 
one horse-power? One horse-power is 550 ft.-pds. per sec., or 550 X 32.2 = 17710 ft.-poundals 
per second. One watt is 10’ ergs per sec., that is, 10’ dyne-cms per sec. The conversion factor 
is [ml°t-*], where m is 453.50, / is 30.48, and ¢ is 1, and the result has to be divided by 10’, the 
number of dyne-cms per sec. in the watt. 17710 ml?t-8/10’ = 17710 X 453.59 X 30.482/107 
= 740.3. 


HEAT UNITS. 


Quantity of Heat, measured in dynamical units, has the same dimensions as 
energy [ML?7-*]. Ordinary measurements, however, are made in thermal 
units, that is, in terms of the amount of heat required to raise the temperature 
of a unit mass of water one degree of temperature at some stated temperature. 
This involves the unit of mass and some unit of temperature. If we denote 
temperature numbers by 0, the dimensional formula for quantity of heat, H, 
will be [MO]. Unit volume is sometimes used instead of unit mass in the meas- 
urement of heat, the units being called thermometric units. The dimensional 
formula now changed by the substitution of volume for mass is [L°0 ]. 


ee 
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Specific Heat is the relative amount of heat, compared with water as standard 
substance, required to raise unit mass of different substances one degree in tem- 
perature and is a simple number. 


Coefficient of Thermal Expansion of a substance is the ratio of the change of 
length per unit length (linear), or change of volume per unit volume (voluminal), 
to the change of temperature. These ratios are simple numbers, and the change 
of temperature varies inversely as the magnitude of the unit of temperature. 
The dimensional formula is [@-"]. 


Thermal Conductivity, or Specific Conductance, is the quantity of heat, H, 
transmitted per unit of time per unit of surface per unit of temperature gradient. 
The equation for conductivity is therefore K = H/L?T0/L, and the dimen- 
sional formula [H/OLT]=[ML-7-"] in thermal units. In thermometric 
units the formula becomes [L?7-"], which properly represents diffusivity, and 
in dynamical units [MLT-%6-"]. 


Thermal Capacity is mass times the specific heat. The dimensional formula 
is [I]. 

Latent Heat is the quantity of heat required to change the state of a body 
divided by the quantity of matter. The dimensional formula is [M0/M] or 
[6]; in dynamical units it is [L?7-*]. 

Nore. — When 9 is given the dimensional formula [L?T-?], the formulae in thermal and 
dynamical units are identical. 

Joule’s Equivalent, J, is connected with the quantity of heat by the equation 
ML?T?* = JH or JMO. The dimensional formula of J is [L*7-?0-"]. In 
dynamical units J is a simple number. 


Entropy of a body is directly proportional to the quantity of heat it contains 
and inversely proportional to its temperature. The dimensional formula is 
[M0/0] or [M7]. In dynamical units the formula is [ML?7-*0-"]. 

Exs.— Find the relation between the British thermal unit, the large or kilogram-calorie 
and the small or gram-calorie, sometimes called the “therm.” Referring all the units to the 
same temperature of the standard substance, the British thermal unit is the amount of heat 
required to warm one pound of water 1° C, the large calorie, 1 kilogram of water, 1° C, the 
small calorie or therm, 1 gram, 1°C. (x) To find the number of kg-cals. in one British thermal 
unit. m = .45350, 0 = 5/9; m0 = .45359 X 5/9 = 25199. (2) To find the number therms in one 
kg-cal. m= 1000, and9=1; m= 1000. (3) Hence the number of small calories or therms in 
one British thermal unit is 1000 X .25199 = 251.99. 


ELECTRIC AND MAGNETIC UNITS. 


A system of units of electric and magnetic quantities requires four funaa- 
mental quantities. A system in which length, mass, and time constitute three 
of the fundamental quantities is known as an ‘‘absolute” system. There are 
two absolute systems of electric and magnetic units. One is called the electro- 
static, in which the fourth fundamental quantity is the dielectric constant, and 
one is called the electromagnetic, in which the fourth fundamental quantity is 
magnetic permeability. Besides these two systems there will be described a 
third in common use called the “international” system. 
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In the electrostatic system, unit quantity of electricity, Q, is the quantity 
which exerts unit mechanical force upon an equal quantity a unit distance from 
it in a vacuum. From this definition the dimensions and the units of all the 
other electric and magnetic quantities follow through the equations of the mathe- 
matical theory of electromagnetism. The mechanical force between two quan- 
tities of electricity in any medium is 

Pie wo, 

F.C 
where K is the dielectric constant, characteristic of the medium, and 7 the dis- 
tance between the two points at which the quantities Q and Q’ are located. K 
is the fourth quantity entering into dimensional expressions in the electrostatic 
system. Since the dimensional formula for force is [ML7~*], that for Q is 
[MtLiT— K?]. 

The electromagnetic system is based upon the unit of the magnetic pole 
strength. The dimensions and the units of the other quantities are built up 
from this in the same manner as for the electrostatic system. The mechanical 
force between two magnetic poles in any medium is 


_ mm! 

ae 
in which p is the permeability of the medium and 7 is the distance between two 
poles having the strengths m and m’. yw is the fourth quantity entering into 
dimensional expressions in the electromagnetic system. It follows that the 
dimensional expression for magnetic pole strength is [J/?L?7—1y3]. 

The symbols K and yu are sometimes omitted in the dimensional formulae so 
that only three fundamental quantities appear. There are a number of objec- 
tions to this. Such formulae give no information as to the relative magnitudes 
of the units in the two systems. The omission is equivalent to assuming some 
relation between mechanical and electrical quantities, or to a mechanical expla- 
nation of electricity. Such a relation or explanation is not known. 

The properties K and p are connected by the equation 1/4/ Ku = 2, where » 
is the velocity of an electromagnetic wave. For empty space or for air, K and 
u being measured in the same units, 1/./Ku =c, where c is the velocity of 
light in vacuo, 3 X.10 cm per sec. It is sometimes forgotten that the omission 
of the dimensions of K or m is merely conventional. For instance, magnetic 
field intensity and magnetic induction apparently have the same dimensions 
when yp is omitted. This results in confusion and difficulty in understanding the 
theory of magnetism. The suppression of yu has also led to the use of the “centi- 
meter” as a unit of capacity and of inductance; neither is physically the same 
as length. 


’ 


ELECTROSTATIC SYSTEM. 


Quantity of Electricity has the dimensional formula [1/}L*7— K*], as shown 
above. 

Electric Surface Density of an electrical distribution at any point on a surface 
is measured by the quantity per unit area. The dimensional formula is the ratio 
of the formulae for quantity of electricity and for area or [M}L~*7-' K?]. 
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Electric Field Intensity is measured by the ratio of the force on a quantity 
of electricity at a point to the quantity of electricity. The dimensional 
formula is therefore the ratio of the formulae for force and electric quantity or 
[MLT-2/M*L'T— K*] or [M?L77— K+). 


Electric Potential and Electromotive Force. — Change of potential is propor- 
tional to the work done per unit of electricity in producing the change. The 
dimensional formula is the ratio of the formulae for work and electrical quantity 
or [ML?T7-2/M*L3T— K*] or (M3 L1T K*]. 


Capacity of an Insulated Conductor is proportional to the ratio of the quan- 
tity of electricity in a charge to the potential of the charge. The dimensional 
formula is the ratio of the two formulae for electric quantity and potential or 
[MtLiT— K?/M?L}T—! K-+*] or [LK]. 


Specific Inductive Capacity is the ratio of the inductive capacity of the sub- 
stance to that of a standard substance and therefore is a number. 


Electric Current is quantity of electricity flowing past a point per unit of 
time. The dimensional formula is the ratio of the formulae for electric quan- 
tity and for time or [M*L!T7-! K?/T] or (MiL'?T-? K*]. 


Electrical Conductivity, like the corresponding term for heat, is quantity per 
unit area per unit potential gradient per unit of time. The dimensional formula 
is [MtLiT— K+/L?(M+LiT— K-4/L)T] or [TK]. 


Resistivity is the reciprocal of conductivity. The dimensional formula is 
BP K+}. 


Conductance of any part of an electric circuit, not containing a source of 
electromotive force, is the ratio of the current flowing through it to the difference 
of potential between its ends. The dimensional formula is the ratio of the for- 
mulae for current and potential or [M?L!7-* K}/M*L}T—! K-*] or [LT K]. 


Resistance is the reciprocal of conductance. The dimensional formula is 
wee TK. 


Exs. — Find the factor for converting quantity of electricity expressed in ft.-grain-sec. units 
to the same expressed in c.g.s. units. The formula is [milztki], in which m= 0.0648, 
1 = 30.48, = 1, k =1; the factor is 0.06484 x 30.483, or 42.8. 

Find the factor required to convert electric potential from mm-mg-sec. units to c.g.s. units. 
The formula is [m/3¢k-4], in which m=o0.001, 1=0.1, f= 1, k=1; the factor is o.oo14 
X 0.14, or 0.01. : 

Find the factor required to convert electrostatic capacity from ft.-grain-sec. and specific- 
inductive capacity 6 units to c.g.s. units. The formula is [/k] in which / = 30.48, k = 6; the 
factor is 30.48 x 6, or 182.88. 


ELECTROMAGNETIC SYSTEM. 


Many of the magnetic quantities are analogues of certain electric quantities. 
The dimensions of such quantities in the electromagnetic system differ from 
those of the corresponding electrostatic quantities in the electrostatic system 
only in the substitution of permeability w for K. 
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Magnetic Pole Strength or Quantity of Magnetism has already been sheng 
to have the dimensional formula [M?L*7—y/]. 

Magnetic Flux characterizes the magnetized state of a magnetic circuit. 
Through a surface inclosing a magnetic pole it is proportional to the magnetic 
pole strength. The dimensional formula is that for magnetic pole strength. 


Magnetic Field Intensity or Magnetizing Force is the ratio of the force on a 


magnetic pole placed at the point and the magnetic pole strength. The dimen- 
sional formula is therefore the ratio of the formulae for a force and magnetic 
quantity, or [MLT-*/M}LiT—y*] or (M3 LIT], 

Magnetic Potential or Magnetomotive Force at a point is measured by the 
work which is required to bring unit quantity of positive magnetism from zero 
potential to the point. The dimensional formula is the ratio of the formulae for 
work and magnetic quantity, [ML?7-?/M?LiT—y*] or [M?L*T—y-*]. 

Magnetic Moment is the product of the pole strength by the length of the 
magnet. The dimensional formula is [M?L!7—y? ]. 

Intensity of Magnetization of any portion of a magnetized body is the ratio 
of the magnetic moment of that portion and its volume. The dimensional 
formula is [?L!7—y3/ L*] or [M?L-?T—p* J. 

Magnetic Induction is the magnetic flux per unit of area taken perpendicular 
to the direction of the magnetic flux. The dimensional formula is [M?L?7—"y}/L?] 
or [MIL37—u*)]. 

Magnetic Susceptibility is the ratio of intensity of magnetization produced 
and the intensity of the magnetic field producing it. The dimensional formula 
is [MtL3T—yi/M$L7—p-*] or [yw]. 

Current, 7, flowing in circle, radius 7, creates magnetic field at its center, 


ani/r. Dimensional formula is product of formulae for magnetic field intensity 
and length or [M+L!7—y-*]. 


Quantity of Electricity is the product of the current and time. The dimen- 
sional formula is [M/?L*u-*]. 


Electric Potential, or Electromotive Force, as in the electrostatic system, is 
the ratio of work to quantity of electricity. The dimensional formula is [/ L?T-*/ 
MiLip*] or [MtL? Tu). 

Electrostatic Capacity is the ratio of quantity of electricity to difference of 
potential. The dimensional formula is [ Z~'7?u~"]. 


Resistance of a Conductor is the ratio of the difference of potential be- 
tween its ends and the constant current flowing. The dimensional formula is 
[MItLiT—ut/MtLiT—y-4] or (LT— yz]. 

Conductance is the reciprocal of resistance, and the dimensional formula is 
[L* Ty}. 

Conductivity is the quantity of electricity transmitted per unit area per unit 
potential gradient per unit of time. The dimensional formula is (M}Liy-#/ 
L?(MtLiT—pyt/L) T] or LL? Ty 1); 


Eo 
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Resistivity is the reciprocal of conductivity as just defined. The dimensional 
formula is [L?7—w J. 

Self-inductance is for any circuit the electromotive force produced in it by 
unit rate of variation of the current through it. The dimensional formula is 


the product of the formulae for electromotive force and time divided by that 
for current or [M?L?7—2y3 x T + M?L}T—y-*] or [Ly]. 


Mutual Inductance of two circuits is the electromotive force produced in one 
per unit rate of variation of the current in the other. The dimensional formula 
is the same as for self-inductance. 


Electric Field Intensity is the ratio of electric potential or electromotive force 
and length. The dimensional formula is [M?L}7-°y}]. 


Magnetic Reluctance is the ratio of magnetic potential difference to magnetic 
flux. The dimensional formula is [Z~yu-"]. 


Thermoelectric Power is measured by the ratio of electromotive force and 
eee. The dimensional formula is [M?L?7—2u39-"]. 


| Coefficient of Peltier Effect is measured by the ratio of the quantity of heat 
and quantity of electricity. The dimensional formula is[ML?7-?/M?Liu-*] or 
S| 14? L?7T—*y? |, the same as for electromotive force. | 

Exs.— Find the factor required to convert intensity of magnetic field from ft.-grain-min. 
units to c.g.s. units. The formula is [72/-2t7y-2]; m = 0.0648, 1 = 30.48, ¢ = 60, and w=1; 
the factor is 0.06484 X 30.4874, or 0.046108. 
How many c.g.s. units of magnetic moment make one ft.-grain-sec. unit of the same quan- 
tity? The formula is [miu]; m = 0.0648, 1 = 30.48, ¢=1, and w=1; the number is 


If the intensity of magnetization of a steel bar is 700 in c.g.s. units, what will it be in mm- 
img-sec. units? The formula is [m4l}iy3]; m= 1000,/=10,#=1, w=1; the intensity is 
1700 X 10004 X 102, OF 7C000. 

Find the factor required to convert current from c.g.s. units to earth-quadrant-1o“"' gram- 
sec. units. The formula is [ma/2u-2]; m=10, 1= 107°, w= 1; the factor is 10% x 1073, 


Find the factor required to convert resistance expressed in c.g.s. units into the same expressed 
‘in earth-quadrant-1o™4 gram-sec. units. The formula is [/fy]; 1= 1079, t=1, w=1; the 
factor is 107%, 


FUNDAMENTAL STANDARDS. 


The choice of the nature of the fundamental quantities already made does 
mot sufficiently define the system for measurements. Some definite unit or 
arbitrarily chosen standard must next be taken for each of the fundamental 
quantities. ‘This fundamental standard should have the qualities of perma- 
nence, reproducibility and availability and be suitable for accurate measures. 
Cnce chosen and made it is called the primary standard and is generally kept 
at some central bureau, — for instance, the International Bureau of Weights 
and Measures at Sévres, France. A primary standard may also be chosen and 
made for derived units (e.g., the international ohm standard), when it is simply 
a standard closely representing the unit and accepted for practical purposes, 
its value having been fixed by certain measuring processes. Secondary or refer- 
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ence standards are accurately compared copies, not necessaruy duplicates, of 
the primaries for use in the work of standardizing laboratories and the preduc- 
tion of working standards for everyday use. 


Standard of Length. — The primary standard of length which now almost 
universally serves as the basis for physical measurements is the meter. It is 
defined as the distance between two lines at o° C on a platinum-iridium bar 
deposited at the International Bureau of Weights and Measures. This bar is 
known as the International Prototype Meter, and its length was derived from 
the ‘“‘métre des Archives,” which was made by Borda. Borda, Delambre, Laplace, 
and others, acting as a committee of the French Academy, recommended that 
the standard unit of length should be the ten-millionth part of the length, from 
the equator to the pole, of the meridian passing through Paris. In 1795 the 
French Republic passed a decree making this the legal standard of length, and 
an arc of the meridian extending from Dunkirk to Barcelona was measured by 
Delambre and Mechain for the purpose of realizing the standard. From the 
results of that measurement the meter bar was made by Borda. The meter is 
now defined as above and not in terms of the meridian length; hence subsequent 
measures of the length of the meridian have not affected the length of the meter. 


Standard of Mass. — The primary standard of mass now almost universally 
used as the basis for physical measurements is the kilogram. It is defined as 
the mass of a certain piece of platinum-iridium deposited at the International 
Bureau of Weights and Measures. This standard is known as the International 
Prototype Kilogram. Its mass is equal to that of the older standard, the “kilo- 
gram des Archives,” made by Borda and intended to have the same mass as a 
cubic decimeter of distilled water at the temperature of 4° C. | 

Copies of the International Prototype Meter and Kilogram are possessed by 
the various governments and are called National Prototypes. 


Standard of Time. — The unit of time universally used is the mean solar sec- 
ond, or the 864ooth part of the mean solar day. It is based on the average time 
of one rotation of the earth on its axis relatively to the sun as a point of reference 
= 1.002 737 g1 sidereal second. 


Standard of Temperature. — The standard scale of temperature as adopted 
by the International Committee of Weights and Measures (1887) depends on / 
the constant-volume hydrogen thermometer. The hydrogen is taken at an 
initial pressure at o‘ C of one meter of mercury, 0° C, sea-level at latitude 45°. 
The scale is defined by designating the temperature of melting ice as o° and of 
condensing steam as 100° under standard atmospheric pressure. This is known 
as the Centigrade scale (abbreviated C). 

A scale independent of the properties of any particular substance, and called | 
the thermodynamic, or absolute scale, was proposed in 1848 by Lord Kelvin. 
In it the temperature is proportional to the average kinetic energy per molecule. 
of a perfect gas. The temperature of melting ice is taken as 273.13°, that of 
the boiling point, 373.13°. The scale of the hydrogen thermometer varies from | 
it only in the sense that the behavior of hydrogen departs from that of a perfect 
gas. It is customary to refer to this scale as the Kelvin scale (abbreviated K). 
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NUMERICALLY DIFFERENT SYSTEMS OF UNITS. 


The fundamental physical quantities which form the basis of a system for 
measurements have been chosen and the fundamental standards selected and 
made. Custom has not however generally used these standards for the meas- 
urement of the magnitudes of quantities but rather multiples or submultiples of 
them. For instance, for very small quantities the micron (4) or one-millionth 
of a meter is often used. The following table! gives some of the systems pro- 
posed, all built upon the fundamental standards already described. The centi- 
meter-gram-second (cm-g-sec. or ¢.g.s.) system proposed by Kelvin is the only 


one generally accepted. 
TABLE |. 


PROPOSED SYSTEMS OF UNITS. 


Practical 
Moon 
I&gI 


10? cm | 10? cm 
tor 2 | te" g 


sec. 


Further the choice of a set of fundamental physical quantities to form the basis 
of a system does not necessarily determine how that system shall be used in 
measurements. In fact, upon any sufficient set of fundamental quantities, a 
great many different systems of units may be built. The electrostatic and elec- 
tromagnetic systems are really systems of electric quantities rather than units. 
They were based upon the relationships F = QQ’/ Kr? and mm’/ur?, respec- 
tively. Systems of units built upon a chosen set of fundamental physical quan- 
tities may differ in two ways: (1) the units chosen for the fundamental quanti- 
ties may be different; (2) the defining equations by which the system is built 
may be different. 

The electrostatic system generally used is based on the centimeter, gram, 
second, and dielectric constant of a vacuum. Other systems have appeared, 
differing from this in the first way, — for instance using the foot, grain and second 
in place of the centimeter, gram and second. A system differing from it in the 
second way is that of Heaviside which introduces the factor 47 at different 
places than is usual in the equations. There are similarly several systems of 
electromagnetic units in use. 


Gaussian Systems. — “The complexity of the interrelations of the units is 
increased by the fact that not one of the systems is used as a whole, consistently 
for all electromagnetic quantities. The ‘systems’ at present used are therefore 
combinations of certain of the systems of units. 


1 Circular 60 of the Bureau of Standards, Electric Units and Standards, 1916. The subse- 
quent matter in this introduction is based upon this circular. 
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“Some writers ! on the theory of electricity prefer to use what is called a Gaus- 
sian system, a combination of electrostatic units for purely electrical quantities 
and electromagnetic units for magnetic quantities. There are two such Gaus- 
sian systems in vogue, — one a combination of c.g.s. electrostatic and c.g.s elec- 
tromagnetic systems, and the other a combination of the two corresponding 
Heaviside systems. 

‘“‘When a Gaussian system is used, caution is necessary when an equation 
contains both electric and magnetic quantities. A factor expressing the ratio 
between the electrostatic and electromagnetic units of one of the quantities 
has to be introduced. This factor is the first or second power of c, the number 
of electrostatic units of electric charge in one electromagnetic unit of the same. 
There is sometimes a question as to whether electric current is to be expressed 
in electrostatic or electromagnetic units, since it has both electric and magnets 
attributes. It is usually expressed in electrostatic units in the Gaussian system.” 

It may be observed from the dimensions of K given in Table 1 that [1/ Ku] 
= [L?/T?] which has the dimensions of a square of a velocity. This velocity 
was found experimentally to be equal to that of light, when K and mw were ex- 


pressed in the same system of units. Maxwell proved theoretically that 1/ V/V Kp. 


is the velocity of any electromagnetic wave. This was subsequently proved 
experimentally. When a Gaussian system is used, this equation becomes c/ V/ Ku 
=v. For the ether K = 1 in electrostatic units and uw = 1 in electromagnetic 
units. Hence c = v for the ether, or the velocity of an electromagnetic wave in 
the ether is equal to the ratio of the c.g.s. electromagnetic to the ¢.g.s. electro- 
static unit of electric charge. This constant c is of primary importance in elec- 
trical theory. Its most probable value is 2.9986 x 10” centimeters per second. 


“Practical” Electromagnetic System. — This electromagnetic system is 
based upon the units of 1ro® cm, ro~"! gram, the sec. and yw of the ether. It is 
never used as a complete system of units but is of interest as the historical basis 
of the present International System. The principal quantities are the resistance 
unit, the ohm = ro? c.g.s. units; the current unit, the ampere = 107! c.g.s. units; 
and the electromotive force unit, the volt = 10° c.g.s. units. 


The International Electric Units. — The units used in practical measurements, 
however, are the “International Units.’ They were derived from the “practical” 
system just described, or as the latter is sometimes called, the “absolute” sys- 
tem. These international units are based upon certain concrete standards pres- 
ently to be defined and described. With such standards electrical comparisons 
can be more accurately and readily made than could absolute measurements in 
terms of the fundamental units. Two electric units, the international ohm and 
the international ampere, were chosen and made as nearly equal as possible to 
the ohm and ampere of the “practical” or “absolute” system. 


1 For example, A. G. Webster, “Theory of Electricity and Magnetism,” 1897; J. H. Jeans, 
“Electricity and magnetism,” 1911; H. A. Lorentz, ‘‘The Theory of Electrons,” 1909; and 
O. W. Richardson, “The Electron Theory of Matter,” 1914. 


See 
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This system of units, sufficiently near to the ‘“‘absolute” system for the pur- 
pose of electrical measurements and as a basis for legislation, was defined as 
follows: 

“tr. The International Ohm is the resistance offered to an unvarying electric 
current by a column of mercury at the temperature of melting ice, 14.4521 grams 
in mass, of a constant cross-sectional area and of a length of 106.300 centimeters. 

“2. The International Ampere is the unvarying electric current which, when 
passed through a solution of nitrate of silver in water, in accordance with speci- 
fication IT attached to these Resolutions, deposits silver at the rate of 0.0or11800 
of a gram per second. 

“3. The International Volt is the electrical pressure which, when steadily 
applied to a conductor the resistance of which is one international ohm will pro- - 
duce a current of one international ampere. 

“4. The International Watt is the energy expended per second by an unvary- 
ing electric current of one international ampere under the pressure of one inter- 
national volt.” 

In accordance with these definitions, a value was established for the electro- 
motive force of the recognized standard of electromotive force, the Weston 
normal cell, as the result of international codperative experiments in 1910. The 
value was 1.0183 international volts at 20° C. 

The definitions by the r908 International Conference supersede certain defini- 
tions adopted by the International Electrical Congress at Chicago in 1893. Cer- 
tain of the units retain their Chicago definitions, however. They are as follows: 

“Coulomb. As a unit of quantity, the International Coulomb, which is the 
quantity of electricity transferred by a current of one international ampere 
in one second. ; 

“Farad. As a unit of capacity, the International Farad, which is the capacity 
of a condenser, charged to be a potential of one international volt by one 
international coulomb of electricity. 

“Joule. As a unit of work, the Joule, which is equal to 10’ units of work in 
the c.g.s. system, and which is represented sufficiently well for practical use 
by the energy expended in one second by an international ampere in an 
international ohm. 

“ Henry. As the unit of induction, the Henry, which is the induction in a 
circuit when the electromotive force induced in this circuit is one interna- 
tional volt, while the inducing current varies at the rate of one ampere per 
second.” 


“The choice of the ohm and ampere as fundamental was purely arbitrary. 
These are the two quantities directly measured in absolute electrical measure- 
ments. The ohm and volt have been urged as more suitable for definition in 
terms of arbitrary standards, because the primary standard of electromotive 
force (standard cell) has greater simplicity than the primary standard of current 
(silver voltameter). The standard cell is in fact used, together with resistance 
standards, for the actual maintenance of the units, rather than the silver vol- 
tameter and resistance standards. Again, the volt and ampere have some claim 
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for consideration for fundamental definition, both being units of quantities 
more fundamental in electrical theory than resistance.” 

For all practical purposes the ‘‘international” and the “practical” or “abso- 
lute” units are the same. Experimental determination of the ratios of the corres- 
ponding units in the two systems have been made and the mean results are 
given in Table 382. These ratios represent the accuracy with which it was possible 
to fix the values of the international ohm and ampere at the time they were 
defined (London Conference of 1908). It is unlikely that the definitions of the — 
international units will be changed in the near future to make the agreement 
any closer. An act approved July 12, 1894, makes the International units as 
above defined the legal units in the United States of America. 


THE STANDARDS OF THE INTERNATIONAL. ELECTRICAL 
UNITS. 


RESISTANCE 


Resistance. — The definition of the international ohm adopted by the London 
Conference in 1908 is accepted practically everywhere. 


Mercury Standards. — Mercury standards conforming to the definition were 
constructed in England, France, Germany, Japan, Russia and the United States. 
Their mean resistances agree to about two parts in 100,000. To attain this 
accuracy, elaborate and painstaking experiments were necessary. ‘Tubes are 
never quite uniform in cross-section; the accurate measurement of the mass of 
mercury filling the tube is difficult, partly because of a surface film on the walls 
of the tube; the greatest refinements are necessary in determining the length of 
the tube. In the electrical comparison of the resistance with wire standards, 
the largest source of error is in the filling of the tube. These and other sources 
of error necessitated a certain uniformity in the setting up of mercury standards 
and at the London Conference the following specifications were drawn up: 


SPECIFICATION RELATING TO MERCURY STANDARDS OF RESISTANCE. 


The glass tubes used for mercury standards of resistance must be made of a glass such that 
the dimensions may remain as constant as possible. The tubes must be well annealed and straight. — 
The bore must be as nearly as possible uniform and circular, and the area of cross-section of the 
bore must be approximately one square millimeter. The mercury must have a resistance of 
approximately one ohm. 

Each of the tubes must be accurately calibrated. The correction to be applied to allow for 
_the area of the cross-section of the bore not being exactly the same at all parts of the tube must — 
not exceed 5 parts in 10,000. 

The mercury filling the tube must be considered as bounded by plane surfaces placed in 
contact with the ends of the tube. 

The length of the axis of the tube, the mass of mercury the tube contains, and the electrical | 
resistance of the mercury are to be determined at a temperature as near to o°C as possible. © 
The measurements are to be corrected to 0° C. 

For the purpose of the electrical measurements, end vessels carrying connections for the 
current and potential terminals are to be fitted on to the tube. These end vessels are to be 
spherical in shape (of a diameter of approximately four centimeters) and should have cylindrical — 
pieces attached to make connections with the tubes. The outside edge of each end of the tube — 


INTRODUCTION. XXXiX 


is to be coincident with the inner surface of the corresponding end vessel. The leads which make 
contact with the mercury are to be of thin platinum wire fused into glass. The point of entry 
of the current lead and the end of the tube are to be at opposite ends of a diameter of the bulb; 
the potential lead is to be midway between these two points. All the leads must be so thin 
that no error in the resistance is introduced through conduction of heat to the mercury. The 
filling of the tube with mercury for the purpose of the resistance measurements must be carried 
out under the same conditions as the filling for the determination of the mass. 

The resistance which has to be added to the resistance of the tube to allow for the effect of 


the end vessels is to be calculated by the formula 
0.80 (Z +2) one 


Ti T2 


~ 10637 
where 7; and 72 are the radii in millimeters of the end sections of the bore of the tube. 
The mean of the calculated resistances of at least five tubes shall be taken to determine the 
value of the unit of resistance. 
For the purpose of the comparison of resistances with a mercury tube the measurements 
shall be made with at least three separate fillings of the tube. 


Secondary Standards. — Secondary standards, derived from the mercury 
standards and used to give values to working standards, are certain coils of 
manganin wire kept in the national laboratories. Their resistances are adjusted 
to correspond to the unit or its decimal multiples or submultiples. The values 
assigned to these coils are checked from time to time with the similar coils of 
the other countries. The value now in use is based on the comparison made 
at the U.S. Bureau of Standards in 1910 and may be called the “rg10 ohm.” 
Later measurements on various. mercury standards checked the value then used 
within 2 parts in 100,000. Thus the basis of resistance measurement is main- 
tained not by the mercury standards of a single laboratory, but by all the mer- 
cury standards of the various national laboratories; it is furthermore the same 
in all countries, except for very slight outstanding discrepancies due to the 
errors of measurement and variations of the standards with time. 


Resistance Standards in Practice. —In ordinary measurements, working 
standards of resistance are usually coils of manganin wire (approximately 84 
per cent Cu + 12 per cent Mn + 4 per cent Ni). They are generally used in oil 
which carries away the heat developed by the current and facilitates regulation 
and measurement of the temperature. The best type is inclosed in a sealed case 
for protection against atmospheric humidity. Varying humidity changes the 
resistance of open coils often to several parts in 10,000 higher in summer than 
in winter. While sealed 1 ohm and o.1 ohm coils may remain constant to about 
I part in 100,000. 


Absolute Ohm. — The absolute measurement of resistance involves the pre- 
cise determination of a length and a time (usually an angular velocity) in a 
medium of unit permeability. Since the dimensional formula of resistance in 
the electromagnetic system is [ZLu/T], such an absolute measurement gives R 
not in cm/sec. but in cm x p/sec. The definitions of the ohm, ampere and 
volt by the 1908 London conference tacitly assume a permeability equal to 
unity. The relation of the international ohm to the absolute ohm has been 
measured in different ways involving revolving coil, revolving disk, and alter- 
nate current methods. Probably the most accurate determination was made 
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in 1913 by F. E. Smith of the National Physical Laboratory of England, using 
a modification of the Lorentz revolving disk method. His result was 


1 international ohm = 1.00052 + 0.00004 absolute ohms, 


or, in other words, while one international ohm is represented by a mercury 
column 106.300 cm long as specified above, one absolute ohm requires a similar 
column 106.245 cm long. Table 305 of the 6th revised edition of these tables 
contains data relative to the various determinations of the ohm. 


CURRENT. 


The Silver Voltameter. — The silver voltameter is a concrete means of meas- 
uring current in accordance with the definition of the international ampere. As 
used for the realization of the international ampere “it consists of a platinum 
cathode in the form of a cup holding the silver nitrate solution, a silver anode 
partly or wholly immersed in the solution, and some means to prevent anode 
slime and particles of silver mechanically detached from the anode from reach-_ 
ing the cathode. As a standard representing the international ampere, the 
silver voltameter includes also the chronometer used to measure time. The 
degree of purity and the mode of preparation of the various parts of the vol- 
tameter affect the mass of the deposit. There are numerous sources of error, and 
the suitability of the silver voltameter as a primary standard of current has 
been under investigation since 1893. Differences of as much ds o.1 per cent or 
more may be obtained by different procedures, the larger differences being 
mainly due to impurities produced in the electrolyte (by filter paper, for instance). 
Hence, in order that the definition of current be precise, it must be accompanied 

by specifications for using the voltameter.” 

_ The original specifications were recognized to be inadequate and an inter- 
national committee on electrical units and standards was appointed to com- 
plete the specifications. It was also recognized that in practice standard cells 
would replace secondary current standards so that a value must be fixed for the 
electromotive force of the Weston normal cell. This was attempted in 1910 at 
the Bureau of Standards by representatives of that institution together with 
one delegate each from the Physikalische-Technische Reichanstalt, The National 
Physical Laboratory and the Laboratoire Central d’Electricité. Voltameters 
from all four institutions were put in series under a variety of experimental con- 
ditions. Standard Weston cells and resistance standards of the four laboratories 
were also intercompared. From the joint comparison of standard cells and 
silver voltameters particular values were assigned to the standard cells from 
each laboratory. The different countries thus have a common basis of measure- 
ment maintained by the aid of standard cells and resistance standards derived 
from the international voltameter investigation of 1910. 

It was not found possible to draw up satisfactory and final specifications for 
the silver voltameter. Provisional specifications were submitted by the U. S. 
Bureau of Standards and more complete specifications have been proposed in 
correspondence between the national laboratories and members of the inter- 
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national committee since 1910, but no agreement upon final specifications has 
yet been reached. 


Resistance Standards Used in Current Measurements. — Precise measure- 
ments of currents require a potentiometer, a standard cell and a resistance 
standard. The resistance must be so designed as to carry the maximum current 
without undue heating and consequent change of resistance. Accordingly the 
resistance metal must have a small temperature resistance coefficient and a 
sufficient area in contact with the air, oil, or other cooling fluid. It must have 
a small thermal electromotive force against copper. Manganin satisfies these 
conditions and is usually used. The terminals of the standard must have suffi- 
cient contact area so that there shall be no undue heating at contacts.!_ It must 
be so designed that the current distribution does not depend upon the mode of 
connection to the circuit. 


Absolute Ampere. — The absolute ampere (10~'c.g.s. electromagnetic units) 
differs by a negligible amount from the international ampere. Since the dimen- 
sional formula of the current in the electromagnetic system is [ L?M?*/Ty?] which 
is equivalent to [F?/u?], the absolute measurement of current involves funda- 
mentally the measurement of a force in a medium of unit permeability. In most 
measurements of high precision an electrodynamometer has been used of the 
form known as a current balance. A summary of the various determinations 
will be found in Table 293 of the 6th Revised Edition of these tables. 

The best value is probably the mean of the determinations made at the U. S. 
Bureau of Standards, the National Physical Laboratory and at the University 
of Gréningen, which gives 

1 international ampere = 0.99991 absolute ampere. 


The separate values were 0.99992, 0.99988 and 0.99994, respectively. ‘The 
result may also be expressed in terms of the electrochemical equivalent of silver, 
which, based on the ‘t910 mean voltameter,’ thus equals o.cor11810 g per 
absolute coulomb. By the definition of the international ampere, the value is 
d.co111800 g per international coulomb.” 


ELECTROMOTIVE FORCE. 


International Volt. — “‘The international volt is derived from the interna- 
tional ohm and ampere by Ohm’s law. Its value is maintained by the aid of the 
Weston normal cell. The national standardizing laboratories have groups of 
such cells, to whick values in terms of the international ohm and ampere have 
been assigned by international experiments, and thus form a basis of reference 
for the standardization of the standard cells used in practical measurements.” 


Weston Normal Cell.— The Weston normal cell is the standard used to 
maintain the international volt and, in conjunction with resistance standards, 
to maintain the international ampere. The cell is a simple voltaic combination 

1 See ‘Report to the International Committee on Electrical Units and Standards,” roz2, p. 
199. For the Bureau of Standards investigations see Bull. Bureau of Standards, 9, pp. 209, 493; 
TO, P. 475, 1912-14; 13, P- 147, 1915; 9, P. 151, 1912: 13, PP- 447. 479, 1910. 
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having its anode or negative electrode of cadmium amalgam, consisting of ro 
per cent by weight of cadmium and go per cent mercury. The cathode, or posi- 
tive electrode, is pure mercury covered with a paste consisting of mercurous 
sulphate, cadmium-sulphate crystals, and solution. The electrolyte is cadmium- 
sulphate solution in contact with an excess of cadmium-sulphate crystals. The 
containing vessel is of glass, usually in the H form. Connection is made to the 
electrodes by platinum wires sealed into the glass. The cells are sealed, pref- 
erably hermetically, and in use are submerged in a constant-temperature oil 
bath. The resistance of a cell is about 600 to 1000 ohms. The Weston cell used 
with potentiometers is not the Weston normal cell, but differs from it only slightly, 
the cadmium-sulphate solution not being saturated. It is described in the next 
section below. 

One of the great advantages of the Weston normal cell is its small change of 
electromotive force with change of temperature. At any temperature, é (centi- 
grade), between o° and 40°, Et = E29 — 0.0000406 (¢ — 20) — 0.00000095 (¢ — 20)? 
+ 0.00000001 (¢ — 20)%. This temperature formula was adopted by the London 
conference of 1908. That this formula may apply, the cell must be of a strictly 
uniform temperature throughout. One leg of the cell has a large positive and 
the other leg a large negative temperature coefficient. If the temperature of 
one leg changes faster than the other, the formula does not hold. 

When the best of care is taken as to purity of materials and mode of procedure, 
Weston normal cells are reproducible within 1 part in 100,000. The source of 
the greatest variations has probably been in the mercurous sulphate. Cells using 
the best samples of this material have an electromotive force the constancy of 
which over a period of one year is about 1 part in 100,000. Only very meager 
specifications for the cell have as yet been agreed upon internationally, how- 
ever, and the procedures in various laboratories differ in some respects.! 

The basis of measurements of electromotive force is the same in all coun- 
tries as the result of the joint international experiments of 1g10. As already 
stated, a large number of observations were made at that time with the silver 
voltameter, and a considerable number of Weston normal cells from the na- 
tional laboratories of England, France, Germany and the United States were 
compared. From the results of these voltameter experiments and from resist- © 
ance measurements, the value 


1.0183 international volts at 20° C 


was assigned to the Weston normal cell. A mean of the groups of cells from the 
four laboratories was taken as most accurately representing the Weston normal 


1 For the preliminary specifications which have been issued and the reports of the various 
investigations on the standard cells see the following references: Preliminary specifications, 
Wolff and Waters, Bull. B. of S. 3, p. 623, 1907; Clark and Weston Standard Cells, Wolff and 
Waters, ditto, 4, p. 1, 1907; Temperature formula of Weston Standard Cell, ditto, 5, p. 309, 
1908; The materials, reproducibility, etc., of the Weston Cell, Helett, Phys. Rev. 22, p. 321, 
1906; 23, p. 166, 1906; 27, pp. 33, 337, 1908; Mercurous sulphate, etc., Steinwehr, Zs. fiir 
Electroch. 12, p. 578, 1906; German value of cell, Jaeger and Steinwehr, ditto, 28, p. 367, 1908; 
National Physical Laboratory researches, Smith, Phil. Trans. 207, p. 393, 1908; On the Weston 
Cell, Haga and Boerema, Arch. Neerland, des Sci. Exactes, 3, p. 324, 1913. 
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cell. Each laboratory has means of preserving the unit. Any discrepancies 
between the bases of the different countries at the present time would be due 
only to possible variations in the reference cells of the national laboratories. 
Such discrepancies are probably less than 2 parts in 100,000. 

The figure 1.0183 has been in use since January 1, 1911. The value used in 
the United States before 1911, 1.019126 at 20°C or 1.0189 at 25° C, was as- 
signed to a certain group of cells maintained as the standard of electromotive 
force at the Bureau of Standards. The high value is partly due to the use of 
commercial mercurous sulphate in the cells. The old and the new values, 1.01926 
and 1.0183, thus apply to different groups of cells. The group of cells to which 
the value 1.019126 was assigned before rg1o differed by 26 microvolts from the 
mean of the international group, such that the international group to which the 
value 1.0183 is now assigned had the value 1.019126 + 0.000026, or 1.019152, 
in terms of the old United States basis. The difference between 1.019152 and 
1.0183 is 0.000852. 

The electromotive force of any Weston cell.as now given is therefore 0.000852 
volt smaller than on the old United States basis, i.e., the present international 
volt is 84 parts in 100,000 larger than the old international volt of the United 
States. 

Upon the new international basis the Clark cell set up according to the old 
United States legal specifications has an emf of 1.4328 international volts at 
15°C. The Clark cell set up (with specially purified mercurous sulphate) accord- 
ing to improved specifications used at the Bureau of Standards has an emf of 
1.43250 international volts at 15° C or 1.42637 at 20° C. 


Portable Weston Cells. — The standard cell used in practice is the Weston 
portable cell. It is like the Weston normal cell except that the cadmium-sulphate 
solution at ordinary temperatures is unsaturated. As usually made, the cad- 
mium-sulphate solution is saturated at about 4°C; at higher temperatures the 
crystals are dissolved. Plugs of asbestos or other material hold the chemicals 
in place. Its resistance is usually about 200 to 311 ohms. The change of emf, 
wholly negligible in most electrical measurements, is less than o.oooor volt 
per degree C. The two legs of the cell have large and opposite temperature 
coefficients so that care must be taken that the temperature of the cell is kept 
uniform and the cell must be protected from draughts or large changes of tem- 
perature. The electromotive force of a portable cell ranges from 1.0181 to 
I.01g1 international volts and must be determined by comparison with stand- 
ards. It decreases very slightly with time, usually less than o.coo1 volt per 
year. 

Absolute and Semi-absolute Volt. — Since the direct determination of the 
volt in absolute measure presents great difficulties, it is derived by Ohm’s law 
from the absolute measures of the ohm and ampere. From the absolute values 
of these already given, 

I international volt = 1.00043 absolute volts. 


The electromotive force of the Weston normal cell at 20°C is 1.01839 interna- 
tional volts and 1.01874 absolute volts. A semi-absolute volt is that potential 
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difference which exists between the terminals of a resistance of one international 
ohm when the latter carries a current of one absolute ampere. The emf of the 
Weston normal cell may be taken as 1.01821 semi-absolute volts at 20° C. 


QUANTITY OF ELECTRICITY. 


The international unit of quantity of electricity is the coulomb. The faraday 
is the quantity of electricity necessary to liberate 1 gram equivalent in electroly- 
sis. It is equivalent to 96,500 coulombs. 


Standards. — There are no standards of electric quantity. The silver voltam- 
eter may be used for its measurement since under ideal conditions the mass. 
of metal deposited is proportional to the amount of electricity which has flowed. 


CAPACITY. 


The unit generally used for capacity is the international microfarad or the 
one-millionth of the international farad. Capacities are commonly measured 
by comparison with standard capacities. The values of the standards are de- 
termined by measurement in terms of resistance and time. The standard is 
some form of condenser consisting of two sets of metal plates separated by a 
dielectric. The condenser should be surrounded by a metal shield connected to 
one set of plates rendering the capacity independent of the surroundings. An 
ideal condenser would have a constant capacity under all circumstances, with zero 
resistance in its leads and plates, and no absorption in the dielectric. Actual 
condensers vary with the temperature, atmospheric pressure, and the voltage, 
frequency, and time of charge and discharge. A well-constructed air condenser 
with heavy metal plates and suitable insulating supports is practically free from 
these effects and is used as a standard of capacity. 

Practically air condenser plates must be separated by 1 mm or more and so 
cannot be of great capacity. The more the capacity is increased by approach- 
ing the plates, the less the mechanical stability and the less constant the capac- 
ity. Condensers of great capacity use solid dielectrics, preferably mica sheets 
with conducting plates of tinfoil. At constant temperature the best mica con- 
densers are excellent standards. The dielectric absorption is small but not quite 
zero, so that the capacity of these standards with different methods of measure- 
ment must be carefully determined. 


INDUCTANCE. 


The henry, the unit of self-inductance, is also the unit of mutual inductance. 
The henry has been known as the “quadrant” and the ‘“‘secohm.”” The length 
of a quadrant or quarter of the earth’s circumference is approximately 10® cms. 
and a henry is ro® cms. of inductance. Secohm is a contraction of second and 
ohm; the dimensions of inductance are [TR] and this unit is based on the 
second and ohm. 


Inductance Standards. — Inductance standards are measured in international 
units in terms of resistance and time or resistance and capacity by alternate- 
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current bridge methods. Inductances calculated from dimensions are in abso- 
lute electromagnetic units. The ratio of the international to the absolute henry 
is the same as the ratio of the corresponding ohms. 

Since inductance is measured in terms of capacity and resistance by the bridge 
method about as simply and as conveniently as by comparison with standard 
inductances, it is not necessary to maintain standard inductances. They are 
however of value in magnetic, alternating-current, and absolute electrical meas- 
urements. A standard inductance is a circuit so wound that when used in a 
circuit it adds a definite amount of inductance. It must have either such a 
form or so great an inductance that the mutual inductance of the rest of the 
circuit upon it may be negligible. It usually is a wire coil wound all in the same 
direction to make self-induction a maximum. A standard, the inductance of 
which may be calculated from its dimensions, should be a single layer coil of 
very simple geometrical form. Standards of very small inductance, calculable 
from their dimensions, are of some simple device, such as a pair of parallel wires 
or a single turn of wire. With such standards great care must be used that the 
mutual inductance upon them of the leads and other parts of the circuit is negli- 
gible. Any inductance standard should be separated by long leads from the 
measuring bridge or other apparatus. It must be wound so that the distributed 
capacity between its turns is negligible; otherwise the apparent inductance will 
vary with the frequency. 


POWER AND ENERGY. 


Power and energy, although mechanical and not primarily electrical quanti- 
ties, are measurable with greater precision by electrical methods than in any 
other way. The watt and the electric units were so chosen in terms of the c.g.s. 
units that the product of the current in amperes by the electromotive force in 
volts gives the power in watts (for continuous or instantaneous values). The 
international watt, defined as ‘“‘the energy expended per second by an unvarying 
electric current of one international ampere under an electric pressure of one 
international volt,” differs but little from the absolute watt. 


Standards and Measurements. — No standard is maintained for power or 
energy. Measurements are always made in electrical practice in terms of some 
of the purely electrical quantities represented by standards. 


MAGNETIC UNITS. 


C.G.S. units are generally used for magnetic quantities. American practice 
is fairly uniform in names for these units: the c.g.s. unit of magnetomotive force 
is called the “gilbert,” of reluctance, the “‘oersted,” following the provisional 
definitions of the American Institute of Electrical Engineers (1894). The c.g.s. 
unit of flux is called the ‘maxwell’ as defined by the 1900 Paris conference. 
The name “gauss” is used unfortunately both for the unit of induction (A.I.E.E. 
1894) and for the unit of magnetic field intensity or magnetizing force. ‘This 
double usage, recently sanctioned by engineering societies, is based upon the 
mathematical convenience of defining both induction and magnetizing force 
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as the force on a unit magnetic pole in a narrow cavity in the material, the cavity 
being in one case perpendicular, in the other parallel, to the direction of the 
magnetization: this definition however applies only in the ordinary electro- 
magnetic units. There are a number of reasons for considering induction and 
magnetizing force as two physically distinct quantities, just as electromotive 
force and current.are physically different.” 

In the United States ‘‘gauss” has been used much more for the c.g.s. unit of 
induction than for the unit of magnetizing force. The longer name of ‘‘max- 
well per cm?” is also sometimes used for this unit when it is desired to distin- 
guish clearly between the two quantities. The c.g.s. unit of magnetizing force 
is usually called the ‘‘ gilbert per cm.” 

A unit frequently used is the ampere-turn. It is a convenient unit since it 
eliminates 47 in certain calculations. It is derived from the ‘‘ampere turn per 
cm.” The following table shows the relations between a system built on the 
ampere-turn and the ordinary magnetic units.! 


TABLE II. 
THE ORDINARY AND THE AMPERE-TURN MAGNETIC UNITS. 


Ordinary | i Ordinary 
P : Ampere-turn units in 1 
Quantity ergs units. ampere- 
: turn unit 


F | Gilbert Ampere-turn 41/10 
H | ‘Gilbert. per Ampere-turn per | 477/10 
cm. cm. 
Magnetic flux ® | Maxwell Maxwell 
B 
be 
R 


Magnetomotive force 
Magnetizing force 


Magnetic induction 


Maxwell per Maxwell per cm.? 
Gauss 


cm.” Gauss 
Permeability 
Reluctance 
Maxwell 
Magnetization intensity| J Maxwell per cm.? 
Magnetic susceptibility | x 
Magnetic pole strength | m Maxwell 


Oersted { Ampere-turn per 


1 Dellinger, International System of Electric and Magnetic Units, Bull. Bureau of Standards, 
13, P. 599, 1910. 
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TABLE 1. 


SPELLING AND ABBREVIATIONS OF THE COMMON UNITS OF WEIGHT AND MEASURE. 


The spelling of the metric units is that adopted by the International Committee on Weights 
and Measures and given in the law legalizing the metric system in the United States (1866). 
The period is omitted after the metric abbreviations but not after those of the customary system. 
The exponents ‘‘2” and ‘‘%” are used to signify area and volume respectively in the metric units. 
The use of the same abbreviation for singular and plural is recommended. It is also suggested — 
that only small letters be used for abbreviations except in the case of A. for acre, where the use 
of the capital letter is general. The following list is taken from circular 47 of the U. S. Bureau ~ 


of Standards. 


. acre 
are 
avoirdupois 
barrel 
board foot 
bushel 
carat, metric 
centare 
centigram 
centiliter 
centimeter 
chain 
cubic centimeter 
cubic decimeter 
cubic dekameter 
cubic foot 
cubic hectometer 
cubic inch 
cubic kilometer 
cubic meter 
cubic mile 
cubic millimeter 
cubic yard 
decigram 
deciliter 
decimeter 
decistere 
dekagram 
dekaliter 
dekameter 
dekastere 
dram 
dram, apothecaries’ 
dram, avoirdupois 
dram, fluid 
fathom 
foot 
firkin 
furlong 
gallon 
grain 
gram 
hectare 
hectogram 
hectoliter 
hectometer 
hogshead 
hundredweight 
inch 
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Abbreviation. 


Unit. 


kilogram 

kiloliter 

kilometer 

link 

liquid 

liter 

meter 

metric ton 

micron 

mile 

milligram 

milliliter 
millimeter 
millimicron 

minim 

ounce 

ounce, apothecaries’ 
ounce, avoirdupois 
ounce, fluid 

ounce, troy 

peck 

pennyweight 

pint 

pound 

pound, apothecaries’ 
pound, avoirdupois 
pound, troy 


scruple, apothecaries’ 
square centimeter 
square chain 
square decimeter 
square dekameter 
square foot 
square hectometer 
square inch 
square kilometer 
square meter 
square mile 
square millimeter 
square rod 

square yard 

stere 

ton 

ton, metric 

troy 

yard 


Abbreviation. 


TABLE 2. 3 
FUNDAMENTAL AND DERIVED UNITS. 


Conversion Factors. 


To change a quantity from one system of units to another: substitute in the corresponding 
conversion factor from the following table the ratios of the magnitudes of the old units to the 
new and multiply the old quantity by the resulting number. For example: to reduce velocity 
in miles per hour to feet per second, the conversion factor is #1; 1 = 5280/1, t = 3600/1, and 
the factor is 5280/3600 or 1.467. Or we may proceed as follows: e. g., to find the equivalent of 
I c.g.s. unit of angular momentum in the pd.ft.m. unit, from the Table 1 g cm2/sec.=. lb. ft.2/min, 
where x is the factor sought. Solving, x=1g/lb. X cm?/ft.2 X min./sec.=1 X .002205 X .001076 
X 60=.0001 425. 

The dimensional formule lack one quality which is needed for completeness, an indication of 
their vector characteristics; such characteristics distinguish plane and solid angle, torque and 
energy, illumination and brightness. 


(a) FUNDAMENTAL UNITS. 


The fundamental units and conversion factors in the systems of units most commonly used 
are: Length [/]; Mass [m]; Time [¢]; Temperature [0]; and for the electrostatic system, 
Dielectric Constant [k]; for the electromagnetic system, Permeability [uw]. The formulae 
will also be given for the International System of electric and magnetic units based on the units 
length, resistance [7], current [7], and time. 


(b) DeriveD UNITs. 


Convenes epevesion 
i actor. actor. 
Meane:of unit. Name of units. Em7lui20°) 


SO Foie oor a See EL) Eh aoe ee (Heat and light.) 


Quantity of heat: 
thermal units 
thermometric units.. 
dynamical units.... 


OIC BABIES, iieiscic ues 5's 
Curvature...... Coefficient of thermal 
Angular velocity expansion 


Linear velocity Thermal conductivity: 

Angular acceleration.... thermal units 

Linear acceleration..... thermometric units 
or diffusivity 

Density dynamical units.... 

Moment of inertia 

Intensity of attraction. . Thermal capacity 


Momentum Latent heat: 
Moment of momentum.. thermal units 
Angular momentum.... dynamical units.... 


URE cee cris fiw als. ai0)ale, aca ae Joule’s equivalent 
Moment of _ couple, 
Entropy: 
heat in thermal units 
heat in dynamical 
Power, activity. units 
Intensity of stress 
Modulus of elasticity.... Luminous intensity....| 0 
Illumination....... se Gall te 
Compressibility Brightness 
Resilience Visibility 
Luminous efficiency.... 


* For these formulz the numbers in the last column are the exponents of F where F refers to the luminous flux 
For definitions of these quantities see Table 299, page 259. 
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4 TABLE 2 (continued). 
FUNDAMENTAL AND DERIVED UNITS. 


Conversion Factors. 
(b) Dertvep UNITS. 


CONVERSION Factor. 


Sym-| Electrostatic Electromagnetic International 
Name or Unit. bol.* system. system. emu system. 


esu 
(Electric and magnetic.) 
mlvtekY mlvte LY rziviet 


Quantity of electricity 
Electric displacement 
Electric surface density. .. 


Electric field intensity 
Electric potential 
Electromotive force 


See pe 


Electrostatic capacity 
Dielectric constant 


Electric conductivity 
Resistivity 


oOw ooo9°0 
OoOOsw ood 


Conductance 
Resistance 


fe) 
| 
oe 


Quantity of magnetism 
DEAgmOtC GUS. ve isa. veneer 
Magnetic field intensity 


sO 
| 


Magnetizing force 
Magnetic potential 
Magnetomotive force 


Magnetic moment 
Intensity magnetization 
Magnetic induction 


Rwy WRK | ORE =O O 


° 
° 
4 
4 
i} 
L} 
] 
4 
a 
4 
3 
b} 


Beicersizenske —tosonocotsht toe 
| 
eS a ee ae re 


Magnetic susceptibility 
Magnetic permeability 
Current density 


OO 
OO 


ooo 
ooo 


Thermoelectric power 
Peltier coefficientt 


* As adopted by American Institute of Electrical Engineers, rors. : 
+ c is the velocity of an electromagnetic wave in the ether= 3 X 10!° approximately. 
t This conversion factor should include [671]. 
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TABLE 3. 
TABLES FOR CONVERTING U. S. WEIGHTS AND MEASURESsS.* 
(1) CUSTOMARY TO METRIC. 


LINEAR. CAPACITY. 


O ON DANAW NH 


I 
2 
3 
4 
5 
6 
7 
8 
9 


O AN ANSWHN = 


Inches 
to 


millimeters. 


25.4001 
50.8001 
76.2002 
101.6002 
127.0003 


152.4003 
177-3004 
203.2004 
228.6005 


Square 
inches to 
square cen- 
timeters. 


6.452 


12.903 
19.355 
25-307 
32.258 
38.710 
45.161 


51.613 
58.065 


Cubic 
inches to 
cubic cen- 
timeters. 


* 16.387 


32-774 
49.161 
65.549 
81.936 
98.323 
114.710 
131.097 
147.484 


Feet to 
meters. 


Yards to 
meters, 


Miles 
to 
kilometers. 


0.304801 
0.609601 
0.914402 
1.219202 
1.524003 
1.828804 
2.133004 
2.435405 
2.743205 


0.914.402 
1.828804 
2.74320 

3.057607 
4.572009 
5.486411 
6.400813 
7.315215 
8.229616 


SQUARE. 


Square feet 
to square 
decimeters. 


9.290 
18.581 
27.871 
37.161 
46.452 
55:742 
65.032 
74-323 
83.613 


Square 
yards to 
square 
meters. 


0836 
1.672 
2.508 
3-345 
4.181 
5.017 
5.353 
6.689 
7-525 


1.60935 
3.21809 
4.52804 
6.43739 
8.04674 
9.65608 
11.20543 
12.87478 
14.45412 


Oo ONAumAwW DP 


Fluid 
drams to 
milliliters 
or cubic 

centimeters. 


3-70 

7:39 
11.09 
14.79 
18.48 
22.18 
25.88 
29.57 
33:27 


Fluid 
ounces 


to 
milliliters. 


Liquid 
quarts to 
liters. 


Gallons to 
liters, 


29.57 


ae oe 
3.72 
118.29 
147.87 
177-44 
207.01 
230.58 
206.16 


0.94633 
1.89267 
2.83900 
375533 
4-7 3167 
5.67800 
6.62433 
7.57006 
8.51700 


3:78533 
7.57006 
11.35600 
15.14133 
15.92666 


22.71 199 


26.497 33 
30.28266 


34.06799 


Acres to 
hectares. 


0.4047 
0.8094 
1.2141 
1.6187 
2.0234 
2.4281 
2.8328 
3:2375 
3.6422 


[Pes Ouse ns | 


Grains to 
milligrams. 


WEIGHT. 


Avoirdu- 
pois ounces 
to grams. 


Avoirdu- 


pois pounds 


to kilo- 
grams. 


Troy 
ounces to 
grams. 


64.7989 
129.5978 
194.3968 
259.1957 
323-9946 
388.7935 
453-5924 
518.3913 
583-1903 


28.3495 
50-099! 
5.0480 
113.3981 
141.7476 


170.0972 


0.45359 
0.90718 
rigors 
1.01437 
2.26796 


2.72155 
3:17515 
3.62874 
4.08233 


31.10348 
62.20696 
93-31044 
124.41 392 
155-51740 
186.62088 
217.72437 
243.82785 
279:93133 


CUBIC. 


Cubic feet 
to cubic 
meters. 


0.02832 
0.05663 
0.08495 
0.11327 
0.14159 
0.16990 
0.19822 
0.22654 
0.25405 


Cubic 
yards to 
cubic 
meters. 


0.765 
1.529 
eee 
3:95 

3.823 
4.587 
5-352 
6.1 + 
6.881 


0.35239 


Bushels to 
hectoliters, 


0.70479 
1.05718 
1.40957 
1.76196 


1 Gunter’s 


chain 


I sq. statute mile 


1 fathom 


I nautical mile 


1 foot 


I avoir. pound 
15432-35039 grains 


20.1168 


259.000 
1.829 


1853.25 
0.304801 


meters. 
hectares. 
meters. 
meters. 
meter. 


453-5924277 grams, 
1.000 kilogram. 


According to an executive order dated April 15, 1893, the United States yard is defined as 3600/3937 meter, and 


the avoirdupois pound as 1/2.20462 kilogram. ; ' 
1 meter (international prototype) = 1553164.13 times the wave-length of the red Cd. line. Benoit, Fabry and 

Perot. C. R. 144, 1907 differs only in the decimal portion from the measure of Michelson and Benoit 14 years earlier, 
The length of the nautical mile given above and adopted by the U. S. Coast and Geodetic Survey many years ago, 

is defined as that of a minute of arc of a great circle of a sphere whose surface equals that of the eart (Clarke’s Sphe- 


roid of 1866). 
‘ig * Quoted from sheets issued by the United States Bureau of Standards. 
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6 TABLE 3 (continued). 
TABLES FOR CONVERTING U.S. WEICHTS AND MEASURES. 
(2) METRIC TO CUSTOMARY. 


| LINEAR. | CAPACITY. 


Millili- 
ters or Centi- A Deca- Hecto- 
Meters to | Metersto | Metersto | Kilometers) cubic cen-| liters to liters liters | 
inches. feet. yards. to miles. i fluid to to 
ounces. * | gallons. | bushels. 


39-3700 | 3.28083 | 1.093611 | 0.62137 

78.7400 | 6.56167 | 2.187222 | 1.24274 
118.1100 | 9.84250 | 3.280833 | 1.86411 
157.4800 | 13.12333 | 4.374444 | 2.48548 
196.8500 | 16.40417 | 5.465056 | 3.10685 
236.2200 | 19.68500 | 6.561667 | 3.72822 
275-5900 | 22.96583 7655278 4.34959 
314.9600 | 26.24667 | 8.748889 | 4.97096 


CON AUAWH» | 
O ON AUAWNH 


354-3300 | 29.52750 | 9.842500 | 5.59233 


SQUARE. 
Ree etatres ds Seve No Take 7 Ee Ne 


Square Square Square Millj- : Hecto- Kilo- 
centimeters | meters to meters to | Hectares grams to grams to 
to square square square to acres. ounces pounds 
inches. feet. yards. avoirdupois.|avoirdupois. 


grams to 
grains. 


I 


0.1550 10.764 1.196 2.471 
0.3100 21.528 2.392 4.942 
0.4650 32.292 3.588 7.413 
0.6200 43-055 4.784 9.884 
0.7750 53.819 5.980 12 355 
0.9300 64.583 7.176 14.826 
1.0850 75.347 8.372 17.207 
1.2400 86.111 9.568 19.768 
1.3950 96.875 10.764 22.239 
CUBIC: WEIGHT. 


0.01543 | 15432.36 
cosnke gerear 
0.04630 | 46297.07 
0.06173 61729-43 
0.07716 | 77161.7 11.02311 


0.09259 | 92594.14| 21.1644 | 13.22773 
0.10803 | 108026.49| 24.6918 | 15.43236 
0.12346 | 123458.85 | 28.2192 | 17.636908 
0.13889 | 138891.21 | 31.7466 | 19.84160 


OW ON AMAW Ne 
WON AMUAPW HH 


Cubic Cubic Cubic Cubic 
centimeters | decimeters | meters to meters to Quintals to 
to cubic to cubic cubic cubic pounds av. 
inches, inches. feet. yards. 


Milliers or Kilograms 
tonnes to pounds to ounces 
av. Troy.: 


j 


220.46 2204.6 32.1507 
440.92 4409.2 64.3015 
661.39 6613.9 96.4522 
881.35 8818.5 128.6030, 
1102.31 11023.1 160.7 537 


1322.77 13227.7 192.9045 
1543-24 15432-4 225.0552 
1763.70 17637.0 257-2059 
1984.16 19841.6 | 289.3567 


0.0610 61.023 35.314 1.308 
0.1220 122.047 70.269 2.616 
0.1831 183.070 | 105.943 3.924 
0.2441 244.0904 141.258 5-232 
0.3051 305.117 176.572 6.540 
0.3661 366.140 | 211.887 7.848 
0.4272 427.164 | 247.201 9.156 
0.4882 488.187 282.516 | 10.464 
0.5492 549.210 | 317.830 | 11.771 


0 CON) AupBwW hoe 


OMI AUAWHH | 


By the concurrent action of the principal governments of the world an International Bureau of Weights and 
Measures has been established near Paris. Under the direction of the International Committee, two ingots were 
cast of pure platinum-iridium in the proportion of 9 parts of the former to 1 of the latter metal. From one of these 
a certain number of kilograms were prepared, from the other a definite number of meter bars. These standards of 
weight and length were intercompared, without preference, and certain ones were selected as International proto- 
type standards. The others were distributed by lot, in September, 1889, to the different governments, and are called 
National prototype standards. Those apportioned to the United States were received in 1890, and are kept at the 
Bureau of Standards in Washington, D. C. 

The metric system was legalized in the United States in 1866. 

The International Standard Meter is derived from the Métre des Archives, and its length is defined by the 
distance between two lines at 0° Centigrade, on a platinum-iridium bar deposited at the International Bureau of 
Weights and Measures. 

The International Standard Kilogram is a mass of platinum-iridium deposited at the same place, and its weight 
in vacuo is the same as that of the Kilogram des Archives. 

The liter is equal to the quantity of pure water at 4° C (760 mm. Hg. pressure) which weighs 1 kilogram and = 
1.000027 cu. dm. (Trav. et Mem. Bureau Intern. des P. et M. 14, 1910, Benoit.) 
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TABLE 4. 


MISCELLANEOUS EQUIVALENTS OF U. S. AND METRIC WEIGHTS AND MEASURES.* 


(For other equivalents than those below, see Table 3.) 


LINEAR MEASURES. 


r mil (.oo1 in.) = 25.4001 
I in. = .000015783 mile 
t hand (4 in.) = 10.16002 cm 
t link (.66 ft.) = 20.11684 cm 
I span (9 in.) = 22.86005 cm 
1 fathom (6 ft.) = 1.828804 m 
1 rod (25 links) = 5.029210 m 
t chain (4 rods) = 20.11684 m 
1 light year (9.5 x 10 km) = 5.9 x 10” 
miles 
I par sec (31 X 102 km) = 19 X 10” miles 
dz in. = .397 mm gz in. = .794 mm 
zs in. = 1.588 mm ; in. = 3.175 mm 
Zin. = 6.350mm 3 In. = 12.700 mm 
rt Angstrém unit = .cocc0cd000r m 
I micron (2) = .coocer M = .00003937 in. 
I millimicron (mp) = .cooccccor m 
I m= 4.970960 links = 1.093611 yds. 
= .198838 rod = .0497096 chain 


SQUARE MEASURES. 


1 sq. link (62.7264 sq. in.) = 404.6873 cm? 

I sq. rod (625 sq. links) = 25.29295 m? 

I sq. chain (16 sq. rods) = 404.6873 m2 

I acre (10 sq. chains) = 4046.873 m2 

I sq. mile (640 acres) = 2.589998 km? 

1 km? = .3861006 sq. mile 

I m? = 24.7104 sq. links = 10.76387 sq. ft. 
039537 Sq. rod. = .00247104 sq. 
chain 


CUBIC MEASURES. 


t board foot (144 cu. in) = 2359.8 cm? 
1 cord (128 cu. ft.) = 3.625 m3 


CAPACITY MEASURES. 


I minim (M) = .o616102 ml 

t fl. dram (60M) = 3.69661 ml 

1 fl. oz. (8 fi. dr.) = 1.80469 cu. in. 
= 29.5729 ml 

I gill oe oz.) = 7.21875 cu. in. = 118.292 
m 


1 lig. pt. (28.875 cu. in.) = .473167 1 
t liq. qt. (57.75 cu. in.) = .946333 | 
t gallon (4 qt., 231 cu. in.) = 3.785332 1 
1 dry pt. (33.6003125 cu. in.) = .550599.1 
1 dry qt. (67.200625 cu. in.) = 1.101108 | 
1 pk. (8 dry qt., 537.605 cu. in.) = 8.80958 | 
t bu. (4 pk., 2150.42 cu. in.) = 35.2383 1 
t firkin (9 gallons) = 34.06799 | 
1 liter = .264178 gal. = 1.05671 liq. qt. 
= 33.8147 fl. oz. = 270.518 fl. dr. 
1 ml = 16.2311 minims. 
1 dkl = 18.620 dry pt. = 9.08102 dry qt. 
= 1.13513 pk. = .28378 bu. 


* Taken from Circular 47 of the U. S. Bureau of Standards, 1915, which see for more complete 


tables. 
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MASS MEASURES. 


Avoirdupois weights. 
I grain = .064798918 g 
1 dram av. (27.34375 gr.) =1.771845 g 
I oz. av. (16 dr. av.) = 28.349527 g 
1 Ib. av. (16 oz. av. or 7000 gr.) 
= 14.583333 Oz. ap. (3) or oz. t. 
=1.2152778 or 7000/5760 Ib. ap. 
or t. 
= 453-5924277 & 
1 kg = 2.204622341 Ib. av. 


‘Ig =15.432350 gr.=.5643833 dr. av. 


= .03527300 oz. av. 
1 short hundred weight (100 |b.) 
= 45.359243 kg 
1 long hundred weight (112 Ib.) 
= 50.802352 kg 
1 short ton (2000 lb.) 
=907.18486 kg 
1 long ton (2240 lb.) 
= 1016.04704 kg 
I metric ton=0.98420640 long ton 
=1.1023112 short tons 


Troy weights. 


I pennyweight (dwt., 24 gr.) = 1.555174 g; 
gr., Oz., pd. are same as apothecary 


A pothecaries’ weights. 
I gr. = 64.798918 mg 
I scruple (, 20 gr.) 
I dram (3, 3 
t oz. (3, 8 3) 
1 Ib. (123, 5760 gr.) 
I § = 15.432356 gr. 

= 0.2572059 5 

1 kg = 32.150742 35 


1.2059784 g 
3-8879351 g 
31.103481 g 
373-24177 & 
0.771618 YD 
.03215074 5 
2.6792285 lb. 


I metric carat = 200 mg = 3.0864712 gr. 


U. S. } dollar should weigh 12.5 g and the 
smaller silver coins in proportion. 


8 TABLE 5. 


EQUIVALENTS OF METRIC AND BRITISH IMPERIAL WEICHTS 
AND MEASURES.* 


(14) METRIC TO IMPERIAL. (For U.S. Weights and Measures, see Table 3.) 


LINEAR MEASURE. MEASURE OF CAPACITY. 


I millime m. : “1573 
nae a reg ae 18-03037, ahs z ares (ml.) (.oor 0.0610 cub, in. 
I centimeter (01 m.) = 0.39370 “ pin : 0.61024 *& 
1 decimeter (.1 m) =" *Soq701 I centiliter (.o1 liter) =| 0.070 gill. 
39-370113 “ 1 deciliter (.1 liter). . = 0.176 pint. 
TE MEDER: (1x0) oe ee — <1 200043 tte I LITER (1,000 cub. 
1.09361 425 yds. centimeters or I 
10.93614 “ cub. decimeter) 
1 dekaliter (1oliters) . 2.200 gallons, 
= 109.361425 ‘“ 1 hectoliter (100 “ ) . 2.75 bushels. 
1 kiloliter (1,000“% ) . 3-437 quarters. 


1 dekameter 1.75980 pints. 


(ito m.) ae 

I rans 
(100 m.) te 
1 kilometer : 
(1,000 m.) Sp 0.62137 mile. 


I myriameter : 
(10,000 =) 6.21372 miles. APOTHECARIES’ MEASURE. 


I micron . 0.001 mm. 


I cubic centi- 0.03520 fluid ounce. 
meter (i -} 0.28157 fluid drachm. 
gram w’t) 15.43236 grains weight. 

1 cub. millimeter = 0.01693 minim. 


SQUARE MEASURE. 
AVOIRDUPOIS WEIGHT. 


Isq. centimeter. . .= 0.1550 sq. in. ae 

I sq. decimeter ues : 1 milligram (mgr.) . 
(100 sq. centm.) p50 Sails I centigram (.o1 gram.) 

I sq. meter or centi- = 10.7639 sq. ft. I decigram (.1 Soh) 
are (100 sq. dcm.) §~_}_‘~11.1960 sq. yds. I GRAM . 2 ee aan 

I ARE (100 sq. m.) = 119.60 sq. yds. 1 dekagram (10 gram. 

1 hectare (100 ares i wo fa Onee 1 hectogram (100 “ 
or 10,000 sq. m.) Be tac aha 


0.01543 grain. 
O:U543200 
1.54324 grains. 
1543230 nies 
5-64383 drams. 


3:52739 OZ. 
2.2046223 Ib= 


ll Ks Le | 


grains. 
==22.04622 lbs. 
= 1.96841 cwt. 


0.9842 ton. 


I myriagram (10 kilog. 
I quintal (100 ‘* 
I millier or tonne } 


CUBIC MEASURE. (1,000 kilog.) 


) 
) 
I KILOGRAM (1,000“ ) = 4 15432.3564 
) 
) 


cub. centimeter 
(c.c.) (1,000 cubic ¢= 0.0610 cub. in. TROY WEIGHT. 
millimeters) 

cub. decimeter 
(c.d.) (1,000 cubic { —snoas tei p ace 
centimeters) 

CUB. METER 


0.64301 pennyweight. 
15.43230 grains, 


0.03215 oz. Troy. 


hes } 35-3148 cub. ft. 
“| 1.307954 cub. yds. 


or stere 
(1,000 c.d.) 
APOTHECARIES’ WEIGHT. 


0.25721 drachm. 
= 0.77162 scruple. 
15.43236 grains. 


Norte.—The Meter is the length, at the temperature of 0° C., of the platinum-iridium bar deposited at the — 
International Bureau of Weights and Measures at Sévres, near Paris, France. 

The present legal equivalent of the meter is 39,370113 inches, as above stated. 

The KrtoGram is the mass of a platinum-iridium weight deposited at the same place. 

The Lrrer contains one kilogram weight of distilled water at its maximum density (4° C.), the barometer being 
at 760 millimeters, 


*In accordance with the schedule adopted under the Weights and Measures (metric system) Act, 1897. 


SMITHSONIAN TABLES. 


ee 


4 


EQUIVALENTS OF ME 


(2) METRIC TO IMPERIAL. 


LINEAR MEASURE. 


Millimeters 
to 
inches. 


0.03937011 
0.0787 4023 
0.1181 1034 
0.15748045 
0.19685056 


0.23622068 
0.27559979 
0.31496090 
0.35433102 


WONDH HUbhwWnda 


Meters 


3.12337 
16.40421 


19.68 506 


22.96590 
26.24674 


29.52758 


Meters 


TABLE 5. 


TRIC AND BRITISH IMPERIAL WEICHTS 
AND MEASURES. 


(For U.S. Weights and Measures, see Table 3.) 


Kilo- 
meters to 
miles. 


0.62137 
1.24274 


1.86412 | 


2.48549 


3.10086 | 


3.72823 
4.34960 
4-97097 
359735 


MEASURE OF CAPACITY. 


Liters 
to 
pints. 


1.75980 
3.51961 
5-27941 
7.03921 
8.79902 


10.55882 


12.31862 
14.07842 
15.83823 


WO OND UfhWNH 


Dekaliters 
to 
gallons. 


2.19975 
4-39951 
6.59926 
8.79902 
10.99877 


13.19852 
15-39828 
17.59803 
19.79778 


SQUARE MEASURE. 


Square 
centimeters 
to square 
inches. 


0.15500 
0.31000 
0.46500 
0.62000 
0.77 500 


0.93000 
1.08500 
1.24000 


1.39501 


I 
2 
3 
4 
5 
6 
7 
8 
9 


Square 
meters to 
square 
feet. 


10.76393 
21.52786 
32.29179 
43-05572 
5381965 


64.58357 
75-3475° 
86.11143 


96.87 536 


Square 
meters to 
square 
yards. 


1.19599 
2.39198 
3.58798 
4-78397 
5-97996 


7-17595 
8.37194 
9.56794 
10.76393 


CUBIC MEASURE. 


Cubic 
decimeters 
to cubic 
inches, 


| 


61.02390 
122.0478! 
183.07171 
244.09561 
305.11952 


366.14342 
427.167 32 
488.19123 
549;21513 


WOON DA wpwnda 


Cubic 
meters to 
cubic 
feet. 


35-31476 
70.629 52 
105.94428 
141.25904 
176.57379 


211.88855 
247.20331 
282.51807 
317.83283 
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Cubic 
meters to 
cubic 
yards, 


1.30795 
2.601591 
3.92386 
5-23182 
6.53977 


784772 
9.15568 
10.46363 
11.77159 


Hectares 
to acres. 


Hectoliters 


to 
bushels. 


2.74969 
5.49938 
8.24908 
10.99877 
13-74846 


16.4981 5 
19.24785 
21.997 54 
24-74723 


WEIGHT (Avorrpupots). 


Kilograms 
to grains, 


2.4711 
4-9421 
7.4132 
9.8842 

12.3553 


14.8263 
17.2974 
19.7685 
22.2395 


APOTHE- 
CARIES’ 


MBASURE. 


Cub. cen- 
timeters 
to fluid 

drachms, 


0.28157 
0.56314 
0.84471 
1.12627 
1.40784 


1.68941 
1.97098 
2.25255 
2.53412 


0.01543 
0.03086 
0.04630 
0.06173 
0.07716 


0.09259 
0.10803 
0.12346 


YO ONO UFfWDHND 


0.13889 


AvoIrDUPOIS 
(cont.) 


Milliers or 
tonnes to 
tons. 


0.98421 
1.96841 
2.95262 
3-93683 
4.92103 


5-90524 
6.88944 
787365 
8.85786 


WO ON A ULW bW = 


15432.356 
30864.713 
46297.069 
61729.426 
77161.782 


92594.138 
108026.495 
123458.851 
138891.208 


I1.02311 


13.22773 
15-43236 
17.63698 
19.84160 


Kiloliters 
to 
quarters. 


3-43712 
6.87423 
10.31135 
13-74846 
17.18558 


20.62269 
24.0598 
27.496092 
39-93404 


Quintals 


to 
hundred- 
weights. 


1.96841 
3-93083 
5:90524 
7-87 365 
9.84206 


11.81048 
13.77889 
15.747 30 
17-71572 


Troy WEIGHT. 


Grams 
to ounces 
Troy, 


0.03215 
0.06430 
0.09645 
0.12860 
0.16075 


0.19290 
0.22506 
0.25721 
0.28936 


Grams 
to penny- 
weights. 


0.64301 
1.28603 
1.92904 
2.57206 
3.21 §07 


3.85809 
4.50110 
514412 
5-787 13 


APOTHE- 
CARIES’ 
WEIGHT. 


scruples. 


0.77162 
1.54324 
2.31485 
3.08647 
3.85809 


4.62971 
5-401 32 
6.17294 
6.94456 


IO 


TABLE 5, 


EQUIVALENTS OF BRITISH IMPERIAL AND METRIC WEICHTS 
AND MEASURES. 


(3) IMPERIAL TO METRIC. 


LINEAR MEASURE. 


ed j 25.400 milli- 
meters. 
0.30480 meter. 
0.914399“ 
5.0292 meters. 
ZO.TTOS 1." 


201.168 ao 
1.6093 kilo- 
} meters, 


I inch 

I foot (12 in.) 

I YARD (3 ft.) 

I pole (54 yd.) 

I chain (22 yd. or 
100 links) 

I furlong (220 yd.) = 


mile (1,760 yd.) . = 


SQUARE MEASURE. 


6.4516 sq. cen- 
timeters. 


squareinch . . =} 


meters. 
0.836126 sq. 
meters. 
! 25-293 Sq. me- 
ters. 
10.117 ares. 
0.40468 hectare. 


259.00 hectares. 


sq. ft. (144 sq. in.) = } 
SQ. YARD (9 sq. ft.) = | 
perch (30} sq. yd.) = 


rood (40 perches) 
ACRE (4840 sq. yd.) 


sq. mile (640 acres) 


CUBIC MEASURE. 


cub. inch= 46,387 cub. centimeters. 
cub. foot (1728 | __ 0.028317 cub. me- 
cub. in.) ter, or 28.317 
CUB. YARD (27 cub. decimeters. 
: nie: b. meter. 
cabot) } —o 76455 cub. meter 


APOTHECARIES’ MEASURE. 


gallon (8 pints or( __ . 

160 fluid sarees) ==) tsdscegn titan. 
fluid ounce, f 3 eee cubic 
(8 drachms) v3 centimeters, 
fluid drachm, f 3 t 2s j 3-5515 cubic 
(60 minims) ries centimeters. 
I minim, m (0.91146 | __ i 0.05919 cubic 
grain weight) § centimeters. 


Notre. — The Apothecaries’ gallon is of the same 
capacity as the Imperial gallon. 


9.2903 sq. deci-| 


(For U.S. Weights and Measures, see Table 3.) 


MEASURE OF CAPACITY. 
rgill.). 1.42 deciliters, 
I pint (4 gills) . 0.568 liter, 

I quart (2 pints) . 1.136 _ liters, 
I GALLON (4 quarts) = 4. 5459631 | of 

I peck (2 galls.) . 

1 bushel (8 galls.) . = 3. ce debaters 
I quarter is bushels ) = 2.909 hectoliters, 


AVOIRDUPOIS WEIGHT. 


64.8 milli- 
grams. 
1.772 grams. 


29.350) ene 
0.45359243 kilogr. 
6.350 

12.70 

50.80 
0.5080 quintal. 

1.0160 tonnes 


I grain . 


Ldramy oyu. 
I ounce (16 dr. in : 
I POUND (16 oz. or 
7,000 grains) f ire 
I stone (14 1b.) . 
I quarter (28 lb.) . 
1 hundredweight 
(112 lb.) f x i 


or 1016 kilo- 


1 ton (20 cwt.) . = grams 


TROY WEIGHT. 


I Troy OUNCE (480 
grains avoir.) 

I pennyweight (24 
grains) 


. = 31.1035 grams. 
f = 1.5552 “ 


Note. — The Troy grain is of the same weight as 
the Avoirdupois grain. 


APOTHECARIES’ WEIGHT. 


1 ounce (8 drachms) = 31.1035 grams. 
1 drachm, 31 (3 scru-( __ “ 
ples) = 3.888 
I scruple, pi ne a 6 
grains) = 1.296 
Note. — The Apothecaries’ ounce is of the same 
weight as the Troy ounce. The Apothecaries’ 
grain is also of the same weight as the Avoirdupois 
grain. 


Note. — The Yarp is the length at 62° Fahr., marked on a bronze bar deposited with the Board of Trade. 
The Pounp is the weight of a piece of platinum weighed in vacuo at the temperature of 0° C., and which is also 


lepositee with the Board of Trade. 
he GALLON contains 10 Ib. weight of distilled water at the temperature of 62° Fahr., the barometer being at 
30 ee 
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EQUIVALENTS OF BRITISH IMPERIAL AND METRIC WEICHTS 
AND MEASURES. 
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(4) IMPERIAL TO METRIC. (For U.S. Weights and Measures, see Table 3.) 
LINEAR MEASURE. MEASURE OF CAPACITY. 
Inches Feet Yards Miles Quarts Gallons Bushels Quarters 
to to to to kilo- to to to to 
centimeters. | meters, eters meters, liters. liters, dekaliters. | hectoliters, |} 
1 | 2.539998 | 0.30480 | 0.91440 | 1.60934 || I | 1.13649 4.54596 | 3.63677 | 2.90942 
2 | 5.079996 | 0.60960 | 1.82880 | 3.21869 || 2 | 2.27298 9.09193 | 7.27354 5 81883 
3| 7.619993 | 0.91440 | 2.74320 | 4.82803 I] 3 | 3-40947 13.63789 10.91031 72825 | 
4 | 10.159991 | 1.21920 | 3.65760 | 6.43737 || 4 | 4.54596 | 18.18385 | 14.54708 | 11.63767 | 
5 | 12.699989 | 1.52400 | 4.57200 | 8.04671 || 5 | 5.68245 | 22.72982 | 18.18385 | 14.54708 
6 | 15.239987 | 1.82880 | 5.48640 | 9.65606 || 6 | 6.81894 | 27.27578 | 21.82062 | 17.45650 
7 | 17-779984 | 2.13360 | 6.40080 | 11.26540 || 7 | 7.95544 | 31-82174 | 2545739 | 20.365901 
8 | 20.319982 | 2.43840 | 7.31519 | 12.87474 || 8 | 9.09193 | 36.36770 | 29.09416 | 23.27533 
Q | 22.859980 | 2.74320 | 8.22959 | 14.48408 || 9 | 10.22842 | 40.91367 | 32.73093 | 20.18475 |] 
SQUARE MEASURE. WEIGHT (Avorrpupots). 
SS) S iS) : 
inches ect | yardsto | Acres to ssid 1D aneesta| c= ude y | enn 
ee iecs| nee) | grams, Sams | grams. | quintals, 
I 6.45159 .29029 | 0.83613 | 0.40468 || I | 64.79892 | 28.34953 | 0.45359 | 0.50802 
2] 12.90318 8.58058 1.67225 | 0.80937 jj} 2 | 129.597384 50-0995 0.90718 | 1.01605 
3 | 19.35477 . 87086 | 2.50838 | 1.21405 || 3 | 194.39675 5.04858 | 1.36078 | 1.52407 
4 | 25.80636 | 37.16115 | 3.34450 | 1.61874 |l| 4 | 259.19567 | 113.398I1 | 1.81437 | 2.03209 
5 | 32-25794 | 46.45144 | 4.18063 | 2.02342 || 5 | 32399459 | 141.74763 | 2.26796 | 2.54012 
6 | 38.70953 | 55-74173 | 5.01676 2.4281 I || 6 | 388.79351 | 170.09716 | 2.72155 | 3.04814 
7 | 45-16112 | 65.03201 } 5.85288 | 2.83279 || 7 | 453-50243 | 198.44669 | 3.17515 | 3.55616 
| 8 | 51.61271 | 74.32230 | 6.68901 | 3.23748 || 8 | 51£8.39135 | 226.79621 | 3.62874 | 4.06419 
19] 58.06430 | 83.61259 | 7.52513 | 3.64216 || 9 | 583.19026 | 255.14574 | 4.08233 | 4.57221 
APOTHE- DS opeaere APOTHE- 
CUBIC MEASURE. CARIES’ (cont) Troy WEIGHT. CARIES’ 
MEASURE. oe WEIGHT, 
- : P Fluid 
Cubic Cubic feet publ Acts Tons to Ounceste ’ Penny- Scruples 
Rete bite ratte = aise to cubic milliers or grams. weights to to 
centimeters, | meters. meters. yee oe SPAS aaa 
I | 16.38702 | 0.02832 | 0.76455} 3.55153 ||| I 1.01605 | 31.10348 } 1.55517 | 1.29598 
2} 32.77404 | 0.05663 | 1.52911 | 7.10307 || 2 | 2.03209 | 62.20696 | 3.11035 | 2.59196 
3] 49-16106 | 0.08495 | 2.29366 | 10.65460 || 3 | 3.04814 | 93.31044 | 4.60552 | 3.88794 
4 | 65.54808 | 0.11327 | 3.05821 | 14.20613 || 4 | 4.06419 | 124.41392 | 6.22070 | 5.18391 
§ | 81.93511 | 0.14158 | 3.82276 | 17.75767 || 5 | 5.08024 | 155.51740 | 7.77587 | 6.47989 
6 | 98.32213 | 0.16990 | 4.58732 | 21.30920 || 6 | 6.09628 | 186.62088 | 9.33104 | 7.77587 
7 | 114.70915 } 0.19822 | 5.35187 | 24.86074 ||| 7 7.11233 | 217.72437 | 10.88622 | 9.07185 
8 | 131.09617 | 0.22653 | 6.11642 | 28.41227 || 8 | 8.12838 | 248.82785 | 12.44139 | 10.36783 
9 | 147.4 aa 0.25485 | 6.88098 | 31.96380 || 9 | 9.14442 | 279.93133 | 13.99657 | 11.66381 


12 TABLE 6. 
DERIVATIVES AND INTECRALS.* 
n+1 
d ax =ad. nm — . — 
a x ; Sx - pax unless 7 I 
a qv uu ax _ 
duv = ae Ma dx Ys = log x 
v is, cd 
u =| _@& dx jag s 
d = ( z S e* dx = et 
d x” = nx"—! dx Me etx =F eat 
a 
fu) du az 
d f (u) OT a & Sx e% dx => (ax—1) 
d e* = 7 dx S log x dx = « log x—x 
d eo =a e% dx Su dv =uv—/vdu 
I 
d log. x =- dx n —(a+ba)ntt 
JS (at+bx)" dx felis 
d z* = g* (1+log, x) 
dsinz = cos x dx J(@4+2)2 de = *tan1 % = 
a a 
i 
— 3960S 
@ Veta 
d COs & = —sin x dx S(@—-2)de = 4 45, 
; 2a a-—x 
d tan x = sec? x dx JS (a@2—«2)-3 dx = = sin- = or essa 
a 
d cot x = —csc? x dx Sx(@+x)-+dx = +(a?+2x7)t 
d sec x = tan x sec x dx JS sin? x dx = —} cos xsinx+} x 
desc x = —cot x. scs x dx S cos? x dx = }sinxcosx+iz 
d sin—! x = (1-2?) —3 dx Ssin x cosxdx = 3 sin? x 
d cos—! x =—(1—a?)—3 dx J (sin x cos x)—! dx = log tan x 
d tan—! x = (14+x?)—! dx J tan x dx = —log cos x 
d cot—! x = —(14+2?)—! dx JS tan? x dx = tan x—x 
d sec—! x = x! @—1) 4 de J cot x dx = log sin x 
d csc—! x’ = —x—! (x?-1)-3 dx JS cot? x dx ————COtte ar 
d sinh x = cosh x dx JS csc x dx =log tan} x 
d cosh x = sinh x dx J/x sin x dx = sin x—x cos x 
d tanh x = sech? x dx J x cos x dx = cosx+x sin x 
d coth x = —csch? ¢ dx S tanh x dx = log cosh x 
d sech x = —sech x tanh dx JS coth x dx = log sinh x 
d csch x = —csch x. coth x dx Ssech x dx = 2 tan—! et=9d x 
d sinh! x = (x?+1)—+ dx Scsch x dx = log tanh 2 
d cosh! x = (x2—1)—} dx Sx sinh x dx =x cosh x—sinh x 
dtanh—! x = (1—x?)—! dx J/x cosh x dx = x sinh x—cosh x 
d coth—! x = (1—x?)—! dx S sinh? x dx = $ (sinh xcosh x—x) 
d sech—! x = —x—! (1-27) dx JS cosh? x dx = 3} (sinh x cosh x+2) 
d csch—! x = —yx—! (x?+1)-3 J sinh x cosh x dx =} cosh (2 x) 


* See also accompanying table of derivatives. For example: /cos. + @ = sin. x + constant. 
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F | TABLE 7. 13 


SERIES, 
(x + y)” = yr + . yr—ly + % — xn—2 y? a eae 


n(n—1) . -(n=m+") | 
my 


n—-m ym eat, 3 (y? <x?) 


n(n—1)x2  _n(n—1) (n—2)x? (41)F n ! xk 


(ltx)"=1t#*+ a 7 FeO Se seen ETT (ek) 
eg) = rag, CMT ue 1) = n(n -+ 1 + 2) «8 Eke 
(+ yee —1) wk 


. (a<1) 


1)! k! 
6) 1 xa? F ata F b+... (421) 


(Gat 


eee) * = 1 $F 2x 3a? F ant ox! F G+... (x?<1) 


; Ke. hn Taylor’ 
Fath) =f @+hf' @+ GI" @+... + SfM@t... ee 


ae Maclaurin’s 
at fM(o) +... series. 


Jf (#) =f + +f O+  f"(0) +-. 


ie: 
at ghee: 


(x?< 0) 


¢ log a) 
= ts os) + (x2< 0 ) 
loge =2—1 + 1 (2 rt lon (>) 
ee te eo A ve 6) ae (2>x>0) 
=o eee. = i x— !I ib 
Seay se Ne ae ne oot Zs 0) 
log (I+4) =x —F22°+ 5x8 -—jfat+.. (x? <1) 


‘ Pah: Le ce oS ae 
Beng os eT Ta Pegg ay ay he (x?< 00) 


ae zt E : é ‘ 
ete) ye a ft venting (x2 < 00 ) 
abe 23> 17x7 62 a2 
CEM SP Sy ee Se 9+... ieee 
ee ia gis ue (#<7) 

ee T as Tk ates Toa sre See 

sin—! x = — — cos. ly = — = SORE hee Ce BOs 2 

aes x= inlets ° cts rite +... (C5) 


I I I 
tan—! xy = ee er ae he! a er ea (x?<1) 


3 


Tv 
S-itg-gte (x2>1) 


x3 
sinh x = — = (e —e-?7) =x4+-4 > (x?<00) 


3! 


SMITHSONIAN TABLES« 


14 


cosh x 
tanh x 


sinh—! x 


cosh—! x 
tanh—! x 
gdx = 
I 
gdt¢=—¢+ ra ¢° 


- by + b, cos pled 
2 iin c 


=f te f@)sin ue 


Gf (@) cos 


I “++ ¢ Mm 7 


TABLE 7 (continued), 
SERIES. 


a OR ah 


se Mala gr 
24 5040 ei 


20x 
COS i alee 
c 


AL 21x 
tig SUR hue Ge ree” 


7 x 
—— dz 
c 


x 


dx 


(x?< 0) 
(x? < jm) 
(x?<1) 
(x? > 1) 
(x?>1) 
(x?<1) 
(x small) 


(x large) 
T 
(+ < 3) 


oe (—C<4x<C) 


TaBLE 8.—MATHEMATICAL CONSTANTS. 


= 2.71828 18285 
e—! = 0.36787 94412 
0.43429 44819 


2.30258 50930 
9.63778 43113 


M = logioe = 
(M)—! = log, 10 
logio logioe 


logyo2 


0.30102 99957 


log,z = 0.69314 71806 

logiox = M.loger 

loggx = logex. logge 
= logex + log -B 

log, = 1.14472 98858 

p = 0.47693 62762 


log p = 9.67846 03565 


Numbers. 


mw = 3.14159 26536 
9.86960 44011 
= 0.31830 98862 


1.77245 38509 
0.88622 69255 


0.56418 95835 
1.12837 91671 
1.2533! 41373 
0.79788 45608 
= 0.78539 81634 
0.44311 
4.18879 02048 


1.08443 75514 
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Logarithms. 


Caer | 
099429 
9.50285 
0.24857 
994754 


9:75142 
0.05245 
0.09805 
9:90194 
9.89508 
9.64651 
0.62208 


0.03520 


g 


58.8235 
55-5550 
52.6316 


50.0000 
47.6190 
45-4545 
43-4783 
41.6667 


40.0000 
38.4615 
37-9379 
35-7143 
34.4828 


33-3333 
32.2581 
31.2500 
30.3030 
29.4118 


28.5714 
27-7778 
27.0270 
26.3158 
25.6410 


25.0000 
24.3902 
23.8095 
23-2558 
22.7273 


22.2222 
21.7391 
21.2766 


20.8333 
20.4082 


20.0000 
19.6078 
19.2308 
18.8679 
18.5185 


18.1818 
17.8571 
17-5439 
17.2414 
16.9492 


16.6667 
16.3934 
16.1290 
15-8730 
15.6250 
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TABLE 9. 


NATURAL NUMBERS. 


n3 


1000 
1331 
1728 
2197 
2744 


3375 
4090 
4913 
5832 
6859 


8000 
9261 
10648 
12167 
13824 


15625 
17576 
19683 
21952 
24389 


27000 
2979! 
32768 
35937 
39304 


42875 
46656 
50653 
54872 
59319 


64000 
68921 
74088 
79507 
85184 


QII25 
97 336 
103823 
110592 
117649 


125000 
132651 
140608 
148877 
157464 


166375 
175616 
185193 
TQSI12 
205379 


216000 
226981 
238328 
250047 
262144 


1000. 


15.3846 
15.1515 
14.9254 
14.7059 
14.4928 


14.2857 
14.0845 
13.8889 
13.6986 
13-5135 


E3303 
Net 579 
12.9870 
12.8205 
12.6582 


12,5000 
12.3457 
12.1951 
12.0482 
11.9048 


11.7647 
11.6279 
11.4943 
11.3636 
11.2360 


Lich QUA 
10.9890 
10.8696 
10.7 527 
10.6383 


10.5263 
10.4167 
10.3093 
10.2041 
10.1010 


10.0000 
9.90099 
9.80392 
9.7087 4 
9.61538 


9.52381 
9.43396 
9-34579 
9.25926 
9.17431 


9.09091 
9.00901 
8.92857 
8.84956 
8.77193 


8.69565 
8.62069 
8.54701 
8.47458 
8.40336 


n2 


4225 
4350 
4489 
4624 
4761 


4900 
5041 
5184 
5329 
5476 


5625 
5776 
5929 
6084 
6241 


6400 
6561 
6724 
6889 
7056 


7225 
7396 
7509 
7744 
7921 


8100 


> 8281 


8464 
8649 
8836 


9025 
9216 
9409 
9604 
9801 


10000 
10201 
10404 
10609 
10816 


11025 
11236 
11449 
11664 
T1881 


12100 
12321 
12544 
12769 
12996 


13225 
13456 
13689 
13924 
14161 


n> 


274625 
287496 
300763 
314432 
328 509 


343000 
357911 
373248 
389017 
405224 


421875 
438976 
450533 
474552 
493039 


512000 
531441 
551308 
571787 
592704 


614125 
636056 
658503 
681472 
704969 


729000 
7535/2 
778088 
804357 
830584 


857375 
884736 
912673 
941192 
970299 
1000000 
1030301 
1061208 
1092727 
1124864 


1157625 


Irgio16 . 


1225043 
1259712 
1295029 


1331000 
1307631 
1404928 
1442897 
1481544 


152087 

peBaee 
1601613 
1643032 
1685159 


T5 


VALUES OF RECIPROCALS, SQUARES, CUBES, SQUARE ROOTS, OF 


2 


8.0623 
8.1240 
8.1854 
8.2462 
8.3066 


8.3666 
8.4261 
8.4853 
8.5440 
8.6023 


8.660 
8.717 
8.7750 
8.8318 
8.8852 


8.9443 
g.0000 
9:0554 
g.1 104 
9.1652 


9.2195 
9.2730 
9.3274 
9.3808 
Oe a 


9.4868 
9.5394 
9.5917 
9.6437 
9-6954 


9.7468 
9.7980 
9.8489 
9.8995 
9.9499 


10.0000 
10.0499 
10.0995 
10.1489 
10.1980 


10.2470 
10.2956 
10.3441 
10.3923 
10.4403 


10.4881 
10.5357 
10.5330 
10.6301 
10.6771 


10.7238 
10.7703 
10.8167 
10.8628 
10.9087 


14 


1 
1000.7 


8.26446 
8.19672 
8.13008 
8.06452 


8.00000 
7-93051 
7.87402 
7.81250 
7:75194 


7.69231 
7-63359 
7-57 570 
7.51880 
7.46269 


7-49741 
7-Barot 
7-29927 
7.24638 
7-19424 


7.14286 
7.09220 
7.04225 
6.99301 
6.94444 


6.89655 
6.84932 
6.80272 
6.7 5676 
6.71141 


6.66667 
6.62252 
6.57895 
6.53595 
6.49351 


6.45161 
6.41026 
6.36943 
6.32911 
6.28931 


6.25000 
6.21118 


8.33333 


n? 


14400 
14641 
14884 
15129 
15376 


15625 
15876 
16129 
16384 
16041 


16900 
17161 
17424 
17689 
17956 


18225 
18496 
18769 
19044 
19321 


19600 
19881 
20164 
20449 
20736 


21025 
21316 
21609 
21904 
22201 


22500 
22801 
23104 
23409 
23716 


24025 
24330 
24649 
24964 
25281 


25600 
25921 
26244 
26569 
26896 


27225 
27550 
27889 
28224 
28561 


28900 
29241 
29584 
29929 
30276 
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OF NATURAL NUMBERS. 


ne 


1728000 
1771561 
1815848 
1860867 
1906624 


1953125 
2000376 
2048383 
2097 I 52 
2140689 


2197000 
2248001 
2299908 
2352637 
2400104 


246037 5 
2515450 
2571353 
2628072 
2685619 


2744000 
2803221 
2863288 
2924207 
2985984 


3048625 
3112136 
3176523 
3241792 
3307949 


PMs 
344295! 
3511808 
3581577 
3052264 


3723875 
3790416 
3869893 
3944312 
4019679 


4096000 
4173281 
4251528 
4330747 
4410944 


4492125 
4574296 
4657463 
4741632 
4826809 


491 3000 
5000211 
5088448 
577717 
5268024 


TABLE 9 (continued). 
VALUES OF RECIPROCALS, SQUARES, CUBES, SQUARE ROOTS, 


\2 


10.9545 
11.0000 
11.0454 
11.0905 
11.1355 


11.1803 
11.2250 
11.2694 
11.3137 
11.3578 


11.4018 
11.4455 
11.4891 
11.5326 
11.5758 


11.6190 
11.6619 
11.7047 
11-7473 
11.7898 


11.8322 
11.8743 
11.9164 


11.9583 
12.0000 


12.0416 
12.0830 
12.1244 
12.1655 
12.2006 


12.2474 
12.2882 
12.3288 
12.3693 
12.4097 


12.4499 
12.4900 
12.5300 
12.5698 
12.6095 


12.6491 
12.6886 
12.7279 
12.7671 
12,8062 


12.8452 
12.8841 
12.9228 
12,9615 
13,0000 


13.0384 
13.0767 
13-1149 
13.1529 
13.1909 


n 


1 
1000.7 


5:71429 
5-68182 
5.64972 
5.61798 
5.58659 


5.55556 
Beet 
5-49451 
5.46448 
5-43478 


5.40541 
5.37634 
5-347 59 
5.31915 
5-2QI101 


5-26316 
5.23560 
520033 
§-18135 
5.15464 


5.12821 
5.10204 
5.07614 
5.05051 
5.02513 
500000 
4-97 512 
4:95050 
4.92611 
4.90196 


4.87805 
4.85437 
4.83092 
4.80769 
4.78469 


4.76190 
4-7 3934 
4.71698 
4.69484 
4.67290 


4.65116 
4.62963 
4.60829 
4.58716 
4.56621 


4-54545 
4.52489 
4.50450 
4.48430 
4.46429 


4.44444 
4.42478 
4.40529 
4.38596 
4.36681 


n? 


5359375 
5451776 
5545233 
5039752 
5735339 


5532000 
5929741 
6028568 
6128487 
6229504 


6331625 
6434856 
6539203 
6644672 
6751269 


6859000 
6967871 
7077888 
7189057 
7301384 


7414875 
7529530 
7645373 
7762392 
7880599 


8000000 
8120601 
8242408 
8365427 
8489664 


8615125 
8741816 
85697 43 
8998912 
9129329 
9261000 
9393931 
9525128 


9663597 
9800344 


9938375 
pet 5 
10218313 
10360232 
10503459 


10648000 
10793861 
10941048 
11089567 
11239424 


11390625 
1154317 

11697083 
11852352 
12008989 


yz 


13-2288 
13.2665 
13.3041 
13-5417 
13-379! 


13.4164 
13-4536 
13-4907 
13-5277 
13.5647 


13.601 

I 56a 
13-6748 
13-7113 
13-7477 


14.1421 
14.1774 
14.2127 
14.2478 
14.2829 


14.3178 
14.3527 |] 
14.3975 

14.4222 
14.4568 


yee 
14.525 

14.5602 
14.5945 
14.6287 
14.6629 
14.6969 
14-7309 
14.7648 
14.7986 
14.8324 
14.8661 
14.8997 


14.9332 || 


14.9666 


15.0000 
15.0333 
raeme 
15-0997 
15.1327 | 3 


TABLE 9 (continued). I 7 


ee OF RECIPROCALS, SQUARES, CUBES, AND SQUARE ROOTS, OF 
NATURAL NUMBERS. 


1000.4 n8 \% 1000.1 n \x 


4.34783 12167000 | 15.1658 3.50877 | 81225 | 23149125 | 16.8819 

4.32900 12326391 | 15.1987 3.49650 | 81796 | 23393056 | 16.9115 
4.31034 12487168 | 15.2315 3.48432 | 82369 | 23639903 | 16.9411 
4.29185 12649337 | 15-2043 3.47222 | 82944 | 23887872 | 16.9706 
4.27350 12812904 | 15.2971 3.46021 | 83521 | 24137569 | 17.0000 


4.25532 12977875 | 15-3297 3.44828 | 84100 | 24389000 | 17.0294 
4.23729 13144256 | 15.362 3.43643 | 84681 | 24642171 | 17.0587 
4.21941 13312053 | 15.394 3.42466 | 85264 | 24897088 | 17.0380 
4.20168 13481272 | 15.4272 341297 | 85849 ; 25153757 | 17-1172 
4.18410 13651919 | 15.4596 I) 3.40136 | 86436 | 25412134 | 17.1464 


4.16667 13824000 | 15.4919 3.38983 | 87025 | 25672375 | 17.1756 
4.14938 13997521 | 15-5242 3-37838 | 87616 | 25934336 | 17.2047 
4.1322 14172488 | 15.5503 3.36700 | 88209 | 26198073 | 17.2337 
4.11523 14348907 | 15.5885 3.35570 | 88804 | 26463592 | 17.2627 
4.098 36 14526784 | 15.6205 3.34448 | 89401 | 26730899 | 17.2916 


4.08163 14706125 | 15.6525 3-33333 | 90000 | 27000000 | 17.3205 
4.00504 14886936 | 15.6344 3.32226 | go6or | 27270901 | 17.3494 
4.04558 15069223 | 15-7162 3.31126 | 91204 | 27543008 | 17.3781 
4.03226 15252992 | 15.7480 3.30033 | 91809 | 27818127 | 17.4069 
4.01606 | 62 15438249 | 15.7797 3.28947 | 92416 | 28094464 | 17.4356 


4.00000 15625000 | 15.8114 3.27869 | 93025 | 28372625 | 17.4642 
3.98406 15813251 | 15.8430 3.26797 |. 93636 | 28652616 | 17.4929 
3:96825 16003008 | 15.8745 3:25733 | 94249 | 28934443 | 17-5214 
3.95257 16194277 | 15.9060 3.24675 | 94864 | 29218112 | 17-5499 
3-93701 16387064 | 15.9374 3 23625 | 95481 | 29503629 | 17-5784 


3.92157 16581375 | 15.9687 3.22581 | 96100 | 29791000 | 17.6068 
16777216 | 16.0000 3.21543 | 96721 | 30080231 | 17.6352 
16974593 | 16.0312 3.20513 | 97344 | 30371328 | 17.6635 
17173512 | 16.0624 3.19489 | 97969 | 30664297 | 17.6918 
17373979 | 16.0935 3-18471 | 98596 | 30959144 | 17.7200 


17576000 | 16.1245 3.17460 | 99225 | 31255875 | 17.7482 
17779581 | 16.1555 3.16456 99856 31554496 | 17.7764 
17984728 | 16.1864 3.15457 | 100489 | 31855013 | 17.8045 
18191447 | 16.2173 3.14465 | 101124 | 32157432 | 17.8326 
18399744 | 16.2481 3.13480 | 101761 | 32461759 | 17.8606 


18609625 | 16.2788 3.12500 | 102400 | 32768000 | 17.8885 
18821096 | 16.3095 3.1156 | 103041 | 33076161 | 17.9165 
19034163 | 16.3401 3 10559 | 103684 | 33386248 | 17-9444 
19248832 | 16.3707 3.09598 | 104329 | 33098267 | 17.9722 
19465109 | 16.4012 3.08642 | 104976 | 34012224 | 18.0000 


3-70370 19683000 | 16.4317 3.07692 | 105625 | 34328125 | 18.0278 
3-69004 19902511 | 16,4621 3.06748 | 106276 | 34645976 | 18.0555 
3.67647 20123048 | 16.4924 3.05810 | 106929 | 34905783 | 18.0331 
3-66300 20346417 | 16.5227 3.04878 | 107584 | 35287552 | 18.1108 
3:64904 6 | 20570824 | 16.5529 3.03951 | 108241 | 35611289 | 18.1384 


363636 25 | 20796875 16.5831 3.03030 | 108900 | 35937000 | 18.1659 
3:62319 21024576 132 3.02115 | 109561 | 36264691 | 18.1934 
3.61011 21253933 fe 6433 3.01205 | 110224 | 36594368 18.2209 
3-59712 2 21434952 | 16.6733 3.00300 | 110889 | 36926037 | 18.2483 
3-58423 21717639 | 16.7033 : 2.99401 | 111556 | 37259704 | 18.2757 


3-57143 21952000 | 16.7332 2.98507 | 112225 37595375 18.3030 
3.55872 22188041 | 16.7631 2.97619 | 112896 | 37933056 | 18.3303 
3:54610 22425768 | 16.7929 2.96736 | 113569 | 38272753 | 18.3576 
3:53357 22665187 | 16.8226 2.95858 114244 | 38614472 | 18.3848 
3.52113 22906304 | 16.8523 2.94985 | 114921 | 38958219 | 18.4120 


GmMiTHSONIAN TABLEs, 


ae 


18 


1000.4 


2.94118 
2.93255 
2.92395 
2.91545 
2.90098 


2.89855 
2.89017 
2.88184 
2.87356 
2.86533 


2.85714 
2.84900 
2.84091 
2.83286 
2.82486 


2.81690 
2.80899 
2.80112 
2.79339 
2.78552 


2.77778 
2.77008 
2.76243 
2.75482 
2.74725 


2.73973 
2.73224 
2.72480 
2.71739 
2.71003 


2.70270 
2.69542 
2.68517 
2.68097 
2.67380 


2.66667 
2.65957 
2.65252 
2.64550 
2.63852 


2,631.58 
a eee 
2.61780 
2.61097 
2.60417 


2.59740 
2.59067 
2.58398 
2.577 32 
2.57009 
2.56410 
2.55754 
2.55102 


2.54453 
2.53807 


ne 


115600 
116281 
116964 
117649 
118336 


119025 
119716 
120409 
121104 
121801 


122500 
123201 
123904 
124609 
125316 


126025 
1267306 
127449 
128164 
128881 


129600 
130321 
131044 
131769 
132490 


133225 
133956 
134639 
135424 
130161 


136900 
137641 
138384 
139129 
139876 


140625 
141376 
142129 
142884 
143641 


144400 
145161 
145924 
146689 
147456 


148225 
148996 
149769 
150544 
151321 


152100 
152881 
153664 
154449 
155236 


SMITHSONIAN TABLES. 


OF NATURAL NUMBERS. 


nn 


39304000 
39051821 
40001688 
40353007 
40707 534 


41063625 
41421736 
41781923 
42144192 
42508549 


42875000 
43243551 
43014208 
43980977 
4436136 


447 3887 5 
45118016 
45499293 
45852712 
46268279 


46656000 
47045881 
47437928 
47832147 
48228544 


48627125 
49027896 
49430863 
49836032 
50243409 


(0653000 
eae 
51478848 
51895117 
52313624 


52734375 
53157376 
53582633 
S40101 52 
54439939 


5487 2000 
55306341 
55742968 
56181887 
56623104 


5706662 5 
57512456 
57960603 
58411072 
58863869 


59319000 
59770471 
60236288 
60698457 
61162984 


TABLE 9 (continued ). 
VALUES OF RECIPROCALS, SQUARES, CUBES, AND SQUARE ROOTS 


V7 


18.4391 


18.4662 


18.4932 |} 


18.5203 
18.5472 


18.5742 
18.6011 


18. pre 
18685 


18.7083 
18.7350 
18.7617 
18.7883 
18.8149 


18.8414 
18.8680 
18.8944 
18.9209 
18.9473 


18.9737 
19.0000 


19.0263 
19.0526 
19.0788 


19.1050 
19.1311 
19.1572 
19.1033 
19.2094 


19.2354 
19.2614 
19.2873 
19.3132 
19.3391 


19.3649 
19.3907 
19.4165 
19.4422 
19.4679 


19.4936 
19.5192 
19.5448 
19.5704 
19.5959 


19.6214 
19.6469 
19.6723 
19.6977 
19.7231 


19.7484 
19.7737 
19.7990 
19.8242 
19.8494 


2.46914 
2.46305 
2.45700 
2.45098 
2.44499 


2.43902 
2.43309 
2.42718 
2.42131 
2.415460 


2.40904 
2.40385 
2.39808 
2.30234 
2.38603 


2.38095 
2.37530 
2.36967 
2.36407 
2.35549 


2.35294 
2.34742 
2.34192 
2.33645 
2.33100 


2.32558 
2.32019 
2.31481 
2.30947 
2.30415 


2.2988 
2.2935 
2.28833 
2.28311 
2.27790 


2.27273 
2.26757 
2.26244 
2.25734 
2.25225 


2.24719 
2.24215 
2.23714 
2.23214 
2.22717 


172225 
173056 
173859 
174724 
175561 


176400 
177241 
178084 
178929 
179776 


180625 
ae 
182329 
183184 
184041 


184900 
185761 
186624 
187489 
188356 


189225 
190096 
ee 
191844 
192721 


193600 
194481 
195364 
196249 
197136 
19802 

19891 

199609 
200704 
201601 


64481201 
64964808 
65450827 
65939264 


66430125 


| 66923416 


67419143 
67917312 
68417929 


68921000 
69426531 
69934528 
70444997 
709957944 


71473375 
71991296 
72511713 
73034632 
73500059 
74088000 
race 
7515144 
re 


6967 


225024 


rg 
7730 ye 
7785448 3 
bacenae 

78953589 


79507000 
80062991 
80621568 
81182737 


81746504 


82312875 
82881856 
83453453 
84027672 
84604519 


85184000 
85760121 
86350888 
869 38307 
87 528384 


8812112 
8871653 
89314623 
89915392 
90518849 


20.3715 
20.3961 
20.4206 
20.4450 
20.4695 


20.4939 
peers 
20.542 

20.5670 
20.5913 


20.615 
20.639 
20.6640 
20.6882 
20.7123 


20.7 364 
pas 
20.784 
20.8087 
20.8327 


20.8567 
20.8 

20.9045 
20.9284 
20.9523 


20.9762 
21.0000 
21.0238 
21.0476 
21.0713 


21.0950 
21.1187 
21.1424 
21.1660 
21.1896 


, TABLE 9 (continued). 


VALUES OF RECIPROCALS, SQUARES, CUBES, AND 
OF NATURAL NUMBERS. 


tooo.t | 2 nd \2 Iooo.4 | 72 


2.22222 | 202500 | 91125000 | 21.2132 1.98020 | 255025 
2.21729 | 203401 | 91733851 | 21.2368 1.97628 | 256036 
2.21239 | 204304 | 92345408 | 21.260 1.97239 | 257049 
2.20751 | 205209 | 92959677 | 21.283 1.96850 | 258064 
2.20204 | 200116 | 93576664 | 21.3073 1.96464 | 259081 


2.19780 | 207025 | 94196375 | 21.3307 1.96078 | 260100 
2.19298 | 207936 | 94818816 | 21.3542 1.95695 | 201121 
2.18818 | 208849 | 95443993 | 21.3776 1.95312 | 262144 
2.18341 | 209764 | 96071912 | 21.4009 1.94932 | 263169 
2.17865 | 210681 | 96702579 | 21.4243 || . 1.94553 | 264196 


2.17391 | 211600 | 97336000 | 21.4476 1.94175 | 265225 
2.16920 | 212521 | 97972181 | 21.4709 1.93798 | 266256 
2.16450 | 213444 | 98611128 | 21.4942 1.93424 26729 
2.15953 | 214369 | 99252847 | 21.5174 1.93050 | 268324 
2.15517 | 215296 | 99897344 | 21.5407 1.92678 | 269361 


2.15054 100544625 | 21.5639 1.92308 | 270400 
2.14592 { 101194696 | 21.5870 1.91939 | 271441 
2.14133 101847563 | 21.6102 1.91571 | 272484 
2.13675 | 219024 | 102503232 | 21.6333 1.91205 | 273529 
2.13220 103161709 | 21.6564 1.90840 | 274576 


2.12766 103823000 | 21.6795 1.90476 | 275625 
2.12314 104487111 | 21.7025 1.90114 | 276676 
2.11864 105154048 | 21.7256 1.89753 | 277729 
2.11416 105823817 | 21.7486 8 | 1.89394 | 278784 
2.10970 106496424 | 21.7715 1.89036 | 279841 


2.10526 107171875 | 21.7945 1.88679 | 280900 
2.10084 107850176 | 21.8174 1.88324 | 281961 
2.09644 108531333 | 21.8403 1.87970 | 283024 
ae 8 109215352 | 21.8632 1.87617 | 284089 
2.08768 109902239 | 21.8864 1.87266 | 285156 


2.08333 110592000 | 21.9089 1.86916 | 286225 
» | 2.07900 111284641 | 21.9317 1.86567 | 287296 
2.07469 2324 | 111980168 | 21.9545 1.86220 | 288369 
2.07039 112678587 | 21.9773 8 | 1.85874 | 289444 
2.06612 113379904 | 22.0000 1.85529 | 290521 


2.06186 | 235225 | 114084125 | 22.0227 1.85185 | 291600 
2.05761 | 236196 | 114791256 pre 1.84843 | 292681 
2.05339 | 237169 | 115501303 | 22.0031 1.84502 | 293764 
2.04918 | 238144 | 116214272 | 22.0907 1.84162 | 294849 
2.04499 | 239121 | 116930169 | 22.1133 1.83824 | 295936 


2.04082 | 240100 | 117649000 | 22.1359 1.83486 | 29702: 
2.03666 | 241081 | 118370771 22.1385 ce Bhi . 
2.03252 | 242064 | 119095488 | 22.1811 1.82815 | 299209 
2.02840 | 243049 | 119823157 1.82482 | 300304 
2.02429 | 244036 | 120553754 f 1.82149 | 301401 


2.02020 | 245025 | 121287375 ‘ 1.81818 | 302500 
2.01613 | 246016 | 122023936 | 22. 1.81488 | 303601 
2.01207 | 247009 | 122763473 : 1.81159 | 304704 
2.00803 | 248004 | 123505992 : 1.80832 | 305809 
2.00401 | 249001 | 124251499 ; 1.80505 | 306916 


2.00000 | 250000 | 125000000 | 22. 1.80180 | 308025 
1.99601 | 251001 | 125751501 4 1.79856 | 309136 
1.99203 | 252004 | 126506008 5 1.79533 | 310249 
1.98807 | 253009 | 127263527 ‘ 1.79211 | 311364 
1.98413 | 254016 | 128024064 : 1.78891 | 312481 


SQUARE 


ns 


128787625 


129554216 
130323843 
131096512 
131872229 


132651000 
133432831 
134217728 
135005697 
135796744 


13659087 5 
137388096 
138188413 
138991832 
139798359 


140608000 
141420761 
142236648 
143055667 
143877824 


144703125 
145531570 
146303183 
147197952 
148035859 


148877000 
149721291 
150508768 
151419437 
152273304 


153130375 
153990656 
154854153 


155720872 
156590819 


157464000 
158340421 
159220088 
160103007 
160989184 


161878625 
162771336 
163667323 
164566592 
165469149 


166375000 
167284151 
168196608 


169112377 
170031464 


170953875 
171879616 


172808693 
173741112 


174676879 


19 
ROOTS 


22.8035 
22.8254 
22.8473 
22.8692 
22.8910 


22.9129 
22.9347 
22.9565 
22.9783 
23.0000 


23.0217 
23-0434 
23.0051 
23.0868 
23.1084 


23.1301 
23.1517 
23-173 
23-194 
23.2164 


23-2379 
23-2594 
23.2809 
23.3024 
23-3238 


23-3452 
oa seks 
23.3880 
23-4004 
23-4307 


23-4521 
23-4734 
23-4947 
23.5160 
23-5372 


23.5584 
23-5797 
23-6008 
23-6220 


23.6432 


20 TABLE 9 (continued). 


VALUES OF RECIPROCALS, SQUARES, CUBES, AND SQUARE ROOTS 
OF NATURAL NUMBERS. 


n ns \7 n 1000,! n2 23 (7 


560 | 1.78571 | 313600 | 175616000 | 23.6643 || 615 | 1.62602 | 378225 | 232608375 | 24.7992 
561 | 1.78253 | 314721 | 176558481 | 23.6854 || 616 | 1.62338 | 379456 | 233744590 | 24.8193 
562 | 1.77930 | 315844 | 177504328 | 23.7065 || 617 | 1.62075 | 380689 | 234885113 | 24.8395 
563 | 1.77620 | 316969 | 178453547 | 23-7276 || 618 | 1.61812 | 381924 | 236029032 | 24.8596 
564 | 1.77305 | 318096 | 179406144 | 23.7487 || 619 | 1.61551 | 383161 | 237176059 | 24.8797 


565 | 1.76991 | 319225 | 180362125 | 23-7697 || 620 | 1.61290 | 384400 | 238328000 | 24.8998 

566 | 1.76678 | 320356 | 181321496 | 23.7908 || 621 | 1.61031 | 385641 | 239483061 | 24.9199 
507 | 1.76367 | 321489 | 182284263 | 23.8118 || 622 | 1.60772 | 386884 | 240641848 | 24.9399 
568 | 1.76056 | 322624 | 183250432 | 23.8328 || 623 | 1.60514 | 388129 | 241804367 | 24.9600 
569 | 1.75747 | 323761 | 184220009 | 23.8537 || 624 | 1.60256 | 389376 | 242970624 | 24.9800 


570 | 1.75439 | 324900 | 185193000 | 23.8747 || 625 | 1.60000 | 390625 | 244140625 | 25.0000 
571 | 1.75131 | 326041 | 186169411 | 23.8956 || 626] 1.59744 | 391876 | 245314376 | 250200 
572 | 1.74825 | 327184 | 187149248 | 23.9105 627 1.59490 | 393129 | 246491883 | 25.0400 
573 | 1-74520 | 328329 | 188132517 | 23-9374 || 628 | 1.59236) 394384 2470731 32 25.0599 
574 | 1-74216 | 329476 | 189119224 | 23.9583 || 629 | 1.58983 | 395641 | 248858189 | 25.0799 


575 | 1.73913 | 330625 | 190109375 | 23-9792 ||| 630 | 1.58730 | 396900 | 250047000 | 25.0998 
576 | 1.73011 | 331776 | 191102976 | 24.0000 || 631 | 1.58479 | 398161 | 251239591 | 25-1197 
577 | 1-73310 | 332929 | 192100033 | 24.0208 }/ 632 | 1.58228 | 399424 | 252435968 | 25.1396 
573 | 1-73010 | 334084 | 193100552 | 24.0416 ||| 633 | 1.57978 | 400689 | 253636137 | 25.1595 
579 | 1-72712 | 335241 | 194104539 | 24.0624 || 634] 1.57729 | 401956 | 254840104 | 25.1794 


580 | 1.72414 | 336400 | 195112000 | 24.0832 || 635 | 1.57480 | 403225 | 256047875 | 25.1992 
581 | 1.72117 | 337561 | 190122941 | 24.1039 || 636] 1.57233 | 404496 | 257259456 | 25.2190 
§82 | 1.71821 | 338724 | 197137308 | 24.1247 || 637 1.56986 | 405769 | 258474853 | 25.2389 
§83 | 1-71527 | 339889 | 198155287 | 24.1454 || 633 | 1.56740 | 407044 | 259694072 | 25.2587 
584 | 1.71233 | 341050 | 199176704 | 24.1661 || 639} 1.56495 | 403321 | 260917119 | 25.2784 


585 | 1.70940 | 342225 | 200201625 | 24.1868 || 640 | 1.56250 | 409600 | 262144000 | 25.2982 
586 | 1.70648 | 343396 | 201230056 | 24.2074 || 641 | 1.56006 | 410881 | 263374721 | 25.3180 
587 | 1.70358 | 344509 | 202262003 | 24.2281 || 642 | 1.55763 | 412164 | 264609288 | 25.3377 
588 | 1.70068 | 345744 | 203297472 | 24.2487 || 643 | 1.55521 | 413449 | 265847707 | 25-3574 
589 | 1.69779 | 340921 | 204336469 | 24.2093 || 644 | 1.55280 | 414736 | 267089984 | 25.3772 


590 | 1.69492 | 348100 | 205379000 | 24.2899 || 645 | 1.55039 | 416025 | 268336125 | 25.3969 
591 | 1.69205 | 349281 | 206425071 | 24.3105 || 646] 1.54799 | 417316 | 269586136 | 25.4165 
592 | 1.68919 | 350464 | 207474688 | 24.3311 || 647 | 1.54560 | 418609 | 270840023 | 25.4362 
503 | 1.68634 | 351649 | 208527857 | 24.3516 || 648 | 1.54321 | 419904 | 272097792 | 25.4558 
594 | 1.68350 | 352836 | 209584584 | 24.3721 || 649 | 1.54083 | 421201 | 273359449 | 25-4755 


595 | 1.68067 | 354025 | 210644875 | 24.3926 || 650 | 1.53846 | 422500 | 274625000 | 25.4951 
596 | 1.67785 | 355216 | 211708736 | 24.4131 || 651 | 1.53610 | 423801 | 275894451 | 25.5147 
597 | 1.67504 | 356409 | 212776173 | 24-4336 || 652 | 1.53374 | 425104 | 277167808 | 25.5343 
598 | 1.67224 | 357604 | 213847192 | 24-4540 || 653] 1.53139 | 426409 | 278445077 | 25.5539 
599 | 1.66945 | 358801 | 214921799 | 24.4745 || 654 | 1.52905 | 427716 | 279726264 | 25.5734 


600 | 1.66667 | 360000 | 216000000 | 24.4949 ||| 655 | 1.52672 | 429025 | 281011375 | 25.5930 
Gor | 1.66389 | 361201 | 217081801 | 24.5153 || 656] 1.52439 | 430336 | 282300416 | 25.6125 
602 | 1.66113 | 362404 | 218167208 | 24.5357 ||| 657 | 1.52207 | 431649 | 283593303 | 25.6320 
603 | 1.65837 | 363609 | 219256227 | 24.5561 || 658] 1.51976 | 432964 | 284890312 | 25.6515 
604 | 1.65563 | 364816 | 220348864 | 24.5764 | 659] 1.51745 | 434281 | 286191179 | 25.6710 


605 | 1.65289 | 366025 | 221445125 | 24.5967 || 660 | 1.51515 | 435600 | 287496000 | 25.6905 | 
606 | 1.65017 | 367236 | 222545016 | 24.6171 || 661 | 1.51286 | 436921 | 288804781 | 25.7099 
607 | 1.64745 | 368449 | 223645543 | 24.6374 || 662] 1.51057 | 438244 | 290117528 | 25.7204 
608 | 1.64474 | 369664 | 224755712 | 24.6577 || 663 | 1.50830 | 439569 | 291434247 | 25.7488 
609 | 1.64204 | 370881 | 225866529 | 24.6779 || 664 | 1.50602 | 440896 | 292754944 | 25.7682 


610 | 1.63934 | 372100 | 226981000 | 24.6982 ||| 665 | 1.50376 | 442225 | 294079625 | 25.7876 

| 611 | 1.63666 | 373321 | 228099131 | 24.7184 || 666] 1.50150 | 443556 | 295408206 | 25.8070 
612 | 1.63399 | 374544 | 229220928 | 24.7 386 667 | 1.49925 | 444889 2967 40963 25.8263 
613 | 1.63132 | 375769 | 230346397 | 24.7588 || 663] 1.49701 | 446224 | 298077632 | 25.8457 
614 | 1.62866 | 376996 | 231475544 | 24-7790 || 669 | 1.49477 | 447561 | 299418309 | 25.8650 


SMITHSONIAN TABLES, 


et FPO Bee 


j TABLE 9 (continued). 21 
VALUES OF RECIPROCALS, SQUARES, CUBES, AND SQUARE ROOTS 


OF NATURAL NUMBERS. 


1 2 3 1 2 3 
1000.°, n n \2 1000.3 n n 


1.49254 | 448900 | 300763000 | 25.8844 1.37931 | 525625 | 381078125 
1.49031 | 450241 | 302111711 | 25.9037 1.37741 | 527076 | 382657176 
1.48810 | 451584 | 303464448 | 25.9230 1.37552 | 528529 384240583 
1.48588 | 452929 | 304821217 | 25.9422 1.37303 | 529984 | 385528352 
1.48368 | 454276 | 3060182024 | 25.9615 1.37174 | 531441 | 387420489 


1.48148 | 455625 | 307546875 | 25.9808 1.36986 | 532900 | 389017000 
1.47929 | 450976 | 308915776 | 26.0000 1.36799 | 534361 | 390617891 
1.47710 | 458329 | 310288733 | 26.0192 1.36612 | 535824 | 392223168 
1.47493 | 459684 | 311665752 | 26.0384 1.36426 | 537289 | 393832837 
1.47275 | 401041 | 313040839 | 26.0576. 4 | 1.36240 | 538756 | 395446904 


1.47059 | 462400 | 314432000 | 26.0768 1.36054 | 540225 | 397065375 | 27.1109 
1.46843 | 463761 | 315821241 | 26.0960 1.35870 | 541696 | 398685256 | 27.1293 
1.46628 | 465124 | 317214508 | 26.1151 1.35685 | 543169 | 400315553 | 27.1477 
1.46413 | 466489 | 318611987 | 26.1343 1.35501 | 544644 | 401947272 | 27.1662 
1.46199 | 467856 | 320013504 | 26.1534 1.35318 | 546121 | 403583419 | 27.1846 


1.45985 | 469225 | 321419125 | 26.1725 1.35135 |. 547600 | 405224000 | 27.2029 
1.45773 | 470590 | 322828856 | 26.1916 1.34953 | 549081 | 400869021 | 27.2213 
1.45560 | 471969 | 324242703 | 26.2107 1.34771 | 550564 | 408518488 | 27.2397 
1.45349 | 473344 | 325660672 | 26.2298 1.34590 | 552049 | 410172407 | 27.2580 
1.45138 | 474721 | 327082769 | 26.2488 1.34409 | 553530 | 411830784 | 27.2764 


1.44928 | 476100 | 328509000 26.2679 1.34228 | 555025 | 413493625 | 27.2947 
1.44718 | 477481 | 329939371 | 26.2869 1.34048 | 550516 | 415160936 | 27.3130 
1.44509 | 478864 | 331373888 | 26.3059 1.33869 | 558009 | 416832723 | 27.3313 
iz 
ite 


1.44300 | 480249 | 332512557 | 26.3249 33690 | 559504 | 418508992 | 27.3496 
1.44092 | 481636 | 334255384 | 26.3439 33511 | 501001 | 420189749 | 27.3679 


1.43885 | 483025 | 335702375 | 26.3629 -33333 | 562500 | 421875000 | 27.3861 
1.43678 454416 337153530 | 26.3818 -33150| 564001 | 423504751 | 27.4044 
1.43472 | 485809 | 338608873 | 26.4008 -32979 | 565504 | 425259008 | 27.4226 
1.43266 | 487204 | 340368392 | 26.4197 -32802 | 567009 | 426957777 | 27.4408 
1.43062 | 488601 | 341532099 | 26.4336 1.32626 | 568516 | 428601064 | 27.4591 


1.42857 | 490000 | 343000000 | 26.4575 1.32450 | 570025 | 430368875 | 27.4773 
1.42653 | 491401 | 344472101 | 26.4764 1.32275 | 571530 | 432081216 | 27.4955 
1.42450 | 492804 | 345948408 | 26.4953 1.32100 | 573049 | 433798093 | 27-5136 
1.42248 | 494209 | 347428927 | 26.5141 8 | 1.31926 | 574564 | 435519512 | 27.5318 
1.42045 | 495616 | 348913664 | 26.5330 1.31752 | 576081 | 437245479 | 27.5500 


1.41844 | 497025 | 350402625 | 26.5518 1.31579 | 577600 | 438976000 | 27.5681 
1.41643 | 498436 | 351895816 | 26.5707 1.31406 | 579121 | 440711081 | 27.5862 
1.41443 | 499849 | 353393243 | 26.5895 1.31234 | 580644 | 442450728 | 27.6043 
1.41243 | 501264 | 354894912 | 26.6083 1.31062 | 582169 | 444194947 | 27.6225 
1.41044 | 502681 | 356400829 | 26.6271 1.30890 | 583696 | 445943744 | 27-6405 


1.40845 | 504100 | 357911000 | 26.6458 1.30719 | 585225 | 447697125 | 27.6586 
1.40647 | 505521 | 359425431 | 26.6646 1.30548 | 586756 | 449455096 | 27.6767 
1.40449 | 500944 | 360944128 | 26.6833 1.30378 | 588289 | 451217663 | 27.6948 
1.40252 | 508369 | 362467097 | 26.7021 1.30208 | 589824 | 452984832 | 27.7128 
1.40056 | 509796 | 363994344 | 26.7208 1.30039 | 591361 | 454756609 | 27.7308 


1.39860 | 511225 | 365525875 | 26.7395 1.29870 | 592900 | 456533000 | 27.7489 
1.39665 | 512656 | 367061696 | 26.7582. 1.29702 | 594441 | 458314011 | 27.7669 
1.39470 | 514089 | 368601813 | 26.7769 1.29534 | 595984 | 460099648 | 27.7849 
1.39276 | 515524 | 370146232 | 26.7955 1.29306 | 597529 | 461889917 | 27.8029 
1.39082 | 516961 | 371694959 | 26.8142 1.29199 | 599076 | 463684824 | 27.8209 


1.38889 | 518400 | 373248000 | 26.8328 1.29032 | 600625 | 465484375 | 27.8388 
1.38696 | 519841 | 374805361 | 26.8514 1.28866 | 602176 | 467288576 | 27.8568 
1.38504 | 521284 | 376367048 | 26.8701 1.28700 | 603729 | 469097433 | 27.8747 
1.38313 | 522729 | 377933007 | 26.8887 1.28535 | 605284 | 470910952 | 27.8927 
1.38122 | 524176 | 379503424 | 26.9072 1.28370 | 606841 | 472729139 | 27.9106 
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22 TABLE 9 (continued). 


VALUES OF RECIPROCALS, SQUARES, CUBES, AND SQUARE ROOTS 
OF NATURAL NUMBERS. 


n* n V2 


608400 | 474552000 92 : 697225 | 582182875 | 28.8964 
609961 | 476379541 , é 698896 | 584277056 | 28.9137 
| 611524 | 478211768 : : 700509 | 586376253 | 28.9310 : 
613089 | 480048687 | 27.982 } : 702244 | 585480472 | 28.9482 
614656 | 481890304 . : 703921 | 590589719 | 28.9655 
616225 | 483736625 | 28. . 705600 | 592704000 | 28.9828 | 
617796 | 485557656 | 28. ; 707281 | 594823321 | 29.0000 : 
| 619369 | 487443403 | 28. 708964 | 596947688 | 29.0172 
: 
| 


620944 | 489303872 | 28.0713 -18624 | 710649 | 599077107 | 29.0345 
622521 | 491169069 : : 712336 | 601211584 | 29.0517 


624100 | 493039000 ; : 714025 | 603351125 | 29.0689 
625681 | 494913671 : .182 715716 | 605495730 | 29.0861 
627264 | 496793088 . ; 717409 | 607645423 | 29.1033 
628849 | 498677257 3 : 719104 | 609800192 | 29.1204 
630436 | 500566184 : - 720801 | 611960049 | 29.1376 


632025 | 502459875 : : 722500 | 614125000 | 29.1548 
633616 | 504358330 : : 724201 | 616295051 | 29.1719 
635209 | 506261573 | 28.2312 : 725904 | 618470208 | 29.1890 
630804 | 508169592 .2489 : 727609 | 620650477 | 29.2062 
638401 | 510082399 | 28.2666 : 729316 | 622835864 | 29.2233 


640000 | 512000000 | 28.2843 é 731025 | 625026375 | 29.2404 
641601 | 513922401 | 28.3019 ; 2 | 732730 | 627222016 | 29.2575 
643204 | 515849608 | 28.3196 ‘ 734449 | 629422793 | 29.2746 
644809 | 517781627 | 28.3373 ; 730164 | 631628712 | 29.2916 
646416 | 519718464 | 28.3549 : 737881 | 633839779 | 29.3087 


648025 | 521660125 | 28.3725 : 739600 | 636056000 | 29.3258 
649636 | 523606616 | 28.3901 : 741321 | 638277381 | 29.3428 
651249 | 525557943 | 28.4077 743044 | 640503928 | 29.3598 
652864 | 527514112 | 28.4253 744769 | 642735647 | 29.3769 
654481 | 529475129 | 28.4429 746496 | 644972544 | 29.3939 


656100 | 531441000 | 28.4605 ¢ 748225 | 647214625 | 29.4109 
657721 | 533411731 | 28.4781 . 749956 | 649461896 | 29.4279 
659344 | 535387328 | 25.4956 -15340 | 751689 | 651714363 | 29.4449 
660969 | 537367797 | 28.5132 . 753424 | 653972032 | 29.4618 
662596 | 539353144 | 28.5307 . 755161 | 656234909 | 29.4788 


664225 | 541343375 | 28.5482 756900 | 658503000 | 29.4958 
665856 | 543338496 | 28.5657 .148 758641 | 660776311 | 29 5127 
667489 | 545338513 | 28.5832 760384 | 663054548 | 29.5296 
669124 | 547343432 | 28.6007 . 762129 | 665338617 | 29.5466 
670761 | 549353259 | 28.6182 ; 763876 | 667627624 | 29.5635 


672400 | 551368000 | 28.6356 7 765625 | 669921875 | 29.5804 
674041 | 553387661 | 28.6531 ; 767370 | 672221376 | 29.5973 
675684 | 555412248 | 28.6705 14025 | 769129 | 674526133 | 29.6142 
677329 | 557441767 | 28.6880 : 770884 | 676836152 | 29.6311 
678976 | 559476224 . 772641 | 679151439 | 29.6479 


680625 | 561515625 ; : 774400 | 681472000 | 29.6648 
682276 | 563559976 : Hes 776161 | 683797841 | 29.6816 
683929 | 565609283 7576 : 777924 | 686128968 | 29.6985 
685584 | 567663552 | 28. .13250 | 779689 | 688465387 | 29.7153 
687241 | 569722789 A ; 781456 | 690807104 | 29.7321 


688900 | 571787000 : : 783225 | 693154125 | 29.7489 
690561 | 573856191 | 28. 784996 | 695506456 | 29.7658 
692224 | 575930368 ; viel| ie 786769 697864103 | 29.7825 
693889 | 578009537 | 28. . 788544 | 700227072 | 29.7993 
695556 | 580093704 s d 790321 | 702595369 | 29.8161 
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1.09290 
1.09170 
1.09051 
1.08932 
1.08814 


1.08696 
1.08578 
1.08460 
1.08342 
1.08225 


1.08108 
1.07991 
1.07875 
1.07759 
1.07643 


1.07527 
1.07411 
1.07296 
1.07181 
1.07066 


1.06952 
1.06838 


1.06724 
1.06610 


808201 


810000 
811801 
813604 
815409 
817216 


819025 
820836 
822649 
824464 
826281 


828100 
829921 
831744 
833509 
835396 


83722 

839056 
840889 
842724 
844561 


846400 
848241 
850084 
851929 
853776 


855625 
857476 
859329 
861184 
863041 


864900 
866761 
868624 
870489 
872356 


874225 
876096 
877969 
879844 
881721 


883600 
885481 
887 364 
889249 
891136 


SMITHSONIAN TABLES. 


704969000 
707347971 
709732288 
712121957 
714516954 


716917375 
719323136 
721734273 
724150792 
726572699 


729000000 
731432701 
733870808 
730314327 
738763264 


741217625 
743677416 
746142643 
74861 3312 
751089429 


75357 1000 
756058031 
758550528 
761048497 
763551944 


76606087 5 
76857 5296 
771095213 
77 3020632 
776151559 


778688000 
781229961 
783777448 
786330467 
788889024 


791453125 
794022776 
796597983 
7991787 52 
801765089 


804357000 
806954491 


809557 568 
812166237 


814780504 


817400375 
820025856 
822656953 
825293672 
827936019 


830584000 
833237621 
835896888 
835561807 
841232384 


TABLE 9 (continued). 


VALUES OF RECIPROCALS, SQUARES, CUBES, AND 
OF NATURAL NUMBERS. 


29.9833 


30.0000 
30.0167 
30-0333 
30.0500 
30.0066 


30.0832 
30.0998 
30.1164 
30.1330 
30.1496 


30-1662 
30.1828 
39-1993 
30.2159 
30.2324 


30.2490 
30.2655 
30.2820 
30.2985 
30.3150 


30-3315 
30.3480 
30.3645 
30.3809 
30-3974 


30.4138 
30.4302 
30.4467 
30.4631 
30-4795 


30-4959 
30.5123 
30.5287 
30-5450 
30.5614 


30.5778 
30. goat 
30.610 

30,6268 
30-6431 


30-6594 
30-67 57 
30.6920 
30.7083 
30.7246 


1000.4 


n2 


23 


SQUARE ROOTS 


ne 


\# 


1.05820 
1.05708 
LOS 5o7 
1.05485 
ASIST | 


1.05263 
1.05152 
1.05042 
1.04932 
1.04522 


1.04712 
1.04603 
1.04493 
1.04384 
1.04275 
1.04167 
1.04058 
1.03950 
1.03842 
1.03734 


1.03627 


1.03520 | 


1.03413 
1.03306 
1.03199 


1.03093 
1.02987 
1.02881 
1.02775 
1.02669 


1.02564 
1.02459 
1.02354 
1.02249 
1.02145 


1.02041 


1.01937 | 


1.01833 
1.01729 
1.01626 


1.01523 
1.01420 
1.01317 
1.01215 
I.O1II2 


I.O10IO 
1.00908 
1.00806 
1.00705 
1.00604 


1.00503 
1.00402 
1.00301 
1.00200 
1.00100 


893025 
894916 
896809 
898704 
goo6or 


902500 
904401 
906304 
908209 
g1o116 


912025 
913936 
915849 
917764 
919681 


921600 
923521 
925444 
927 369 
929296 


931225 
933156 
935059 
937024 
938961 


940900 
942841 
944754 
940729 
948676 


950625 
952576 
954529 
956484 
958441 


960400 
962361 
964324 
966289 
968256 


970225 
972196 
974169 
970144 


843908625 
846590536 
849278123 
$5197 1392 
854670349 


857375000 
860085351 
862801408 
865523177 
868250664 


87098387 5 
873722816 
876467493 
879217912 
881974079 


8847 36000 
887503681 
890277128 
893056347 
895841344 
898632125 
go1 428696 
904231063 
907039232 
9098 53209 
912673000 
915498611 
918330048 
921167317 
924010424 


9268 59375 
929714176 


935441352 
939313739 
941192000 
944076141 
946966168 
949862087 
952763904 


955671625 
958585256 
961 504803 
964430272 
967 361669 


970299000 
97 3242271 
976191488 
979146657 
982107784 


98 507487 5 
988047936 
99102697 3 
99401 1992 
997002999 


932574833 


30:7409 
30-7571 
32:77 34 
30.7896 
30.8058 


30.8221 
30.8383 
30.8545 
30.8707 
30.8869 


30.9031 
30.9192 
39-9354 
30.9516 
30-9677 
30-9839 
31.0000 
31.0161 
31.0322 
31.0483 


31.0644 


31.3050 
31.3209 
31.3369 
31.3528 
31.3088 


31.3847 
31.4006 
31.4166 
31-4325 
31.4484 


31.4643 
31.4802 
31.4960 
31.5119 
31.5278 


31-5436 
E5505 
39-5753 
31.5911 
31.6070 
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LOGARITHMS. 
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TABLE1O (continued ). 
LOGARITHMS. 
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TABLE 11. 
LOGARITHMS. 
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TABLE 11 (continued). 
LOGARITHMS. 
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1002 
1026 
1050 
1074 
10y9 


1125 
IIS 
1178 
1205 
1233 


1262 
1201 
1321 
1352 
1354 


1416 
1449 
1483 
1517 
1552 


1589 
1626 
1663 
1702 
1742 


1782 
1824 
1866 
1910 
1954 


2000 
2046 
2094 
2143 
2193 


2244 
2296 
2350 
2404 
2460 


2518 
2576 
2636 
2698 
2761 


2825 
2891 
2958 
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100 

‘oz 
1052 
1076 
1102 


1127 
1153 
1180 
1208 
1236 


1265 
1204 
1324 
1355 
1387 


1419 
1452 
1486 
1521 
1556 


1592 
1629 
1667 
1706 
1746 


1786 
1828 
1871 
1914 
1959 


2004 
2051 
2099 
2148 
21098 


2249 
2301 
2355 
2410 
2466 


Bore 
2582 
2042 
2704 
2767 


2831 
2897 
2965 
3034 


1007 
1030 
1054 


1079 
1104 


1130 
1150 
1183 
1211 


1239 


1268 
£297 
1327 
1358 
¥390 


1422 
1455 
1489 
1524 
1560 


1596 
1633 
1671 
1710 
1750 


1791 
1832 
1875 
1919 
1963 


2009 
2056 
2104 


2153 
2203 


2254 
2307 
2360 
2415 
2472 
2529 
2588 


2649 
2710 


2773 


2838 
2904 
2972 
3041 


TABLE 


12. 


ANTILOGARITHMS. 


1009 
1033 
1057 
1081 
1107 


1132 
I159 
1186 
1213 
1242 


1271 
1300 
1330 
1361 
1393 


1426 
1459 
1493 
1528 
1563 


1600 
1637 
1675 
1714 
1754 


1795 
1837 
1879 
1923 
1968 


2014 
2061 
2109 
2158 
2208 


2259 
2312 
2366 
2421 
2477 


2535 
2594 
2055 
2716 
2780 


2844 
2011 
2979 


1012 


1035 
1059 
1054 
1109 


1135 
1161 


1189 
1216 
1245 


1274 
1303 
1334 
1365 
1396 


1429 
1462 
1496 
1531 
1567 


1603 
1641 
1679 
1718 
1758 


1799 
1841 
1884 
1928 
1972 


2018 
2065 
2113 
2163 
2213 


2265 
2317 
2370" 
2427 
2483 


2541 
2600 
2661 
2723 
2786 


2851 
2917 
298 5 


3°55 


1014 
1038 
1062 
1086 
112 


1138 
1164 
IIQI 
1219 
1247 


1276 
1306 
1337 
1368 
1400 


1432 
1466 
1500 
1$35 
1570 


1607 
1644 
1683 
1722 
1762 


1803 
1845 
1888 
1932 
me ie 


2023 
2070 
2118 
2168 
2218 


2270 
2323 
2377 
2432 
2489 


2547 
2606 
2667 
2729 
2793 


2858 
2924 
2992 


1016 
1040 
1064 
1089 
1114 


1140 
1167 
1194 
1222 


1250 


1279 
t309 
1340 
1371 
1403 


1435 
1469 
1503 
1539 
1574 


1611 
1648 
1687 
1726 
1766 


1807 
1849 
1892 
1936 
1982 


2028 
2075 
2123 


2173 
2223 


227 
232 

2382 
2438 
2495 


2553 
2612 
2673 
2735 
2799 


2864 
2931 
2999 


1019 
1042 
1067 
1091 
II17 


1143 
1169 


1197 
1225 


1253 


1282 
1312 
1343 


1374 
1406 


1439 
1472 
1507 
1542 
1578 


1614 
1652 
1690 
1730 
1770 


1811 
1854 
1897 
1941 
1986 


2032 
2080 
2128 
2178 
2228 


2280 
2333 
2388 
2443 
2500 


2559 
2618 


2679 
2742 
2805 


2871 
2938 
3006 
3076 
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ANTILOGARITHMS. 
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.996 
.997 
.998 99 
999 | 9977 9979 | 99 
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TABLE 13 (continued). 
ANTILOGARITHMS. 


goo 


8927 
8947 
8968 
8989 
9009 


9030 
gos! 
9072 
9993 
9114 


9135 
9156 
9177 
9198 
9219 


9241 
9262 
9283 
9305 
9326 


9348 
9369 
9391 
9412 
9434 


9456 
9478 
9499 
9521 
9543 


9565 
9587 
g609 
9632 
9654 


9676 
9698 
9721 
9743 
9766 


9788 
gsi 
9833 
9856 
9879 


ggol 
9924 
9947 
997° 
9993 
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CIRCULAR (TRIGONOMETRIC) FUNCTIONS. 
(Taken from B. O, Peirce’s Short Table of Integrals,” Ginn & Co.) 


my \ A SINES COSINES, TANGENTS, | COTANGENTS, 

a4 fi al nce elecieeeechae ene 

a 6 Nat, Log. Nat, Log. Nat. Log, Nat. Log. 
0.0000 | 0°00! || .o000 0) 1,0000 0,0000 | .O000 7) 72) 0) 


0.0029 10 || 0029 7.4637 | 1.0000 .0000 | .0029 7.4637 | 343-778 2.5363 
06,0055 | 20 || 0058 .7648 | 1.0000 .0000 0058 7048 | 171.89 2352 
0,007 30 || .0057 9408 | 1.0000 0000 | 0057 —_.g4o9 | 114.59 0501 
0.0110 40 || O11 8.0658] .0999 .0000 | 0116 8.0055} 85.040 1.9342 
0.0145 §0 || O45 .1627 | .9999 .0000) .0145 41627] 68.750 8373 
0.0175 | 1°00! || 0175 8.2419] .99098 9.9999 | .017§ 8.2419] 57.290 1.7581 
0,0204 10 |} 0204 .3088] .0998 .9999 | .0204 3089 | 49.104 OO 
0.0233 20 | .0233 3668} .9997 .9999 | 0233 . .3669| 42.964 .6331 
0.0202 30 |] 0202 .4179] .9997 .9999 | .0202 .418t | 38.18 5519 
0.0201 49 |} 02901 .4637 | .9996 .9098 | 0291 4638) 34.308 .5362 
0,0320 §O || 0320 .§050| .9995 .9998 | .0320 .5053] 31.242 .4047 
0,0349 | 2°00! || .0349 8.5428} .9004 9.9997 | 0349 8.5431 | 28.036 1.4569 
0.0378 10 || 0375 $776} .9993 9997 | .0378 «5779 | 26.432 «4221 
0,007 20 |] 0407 .0097| .9992 .9990| 0407 .OLOr | 24.542 .3899 
0.0436} 30 || 0436 .6397 | .9990 .9996 | .0437 6401 | 22.904 3599 
0.0405} 40 || 0405 .6677] .9989 .9995 | .0406 .6082] 21.470 3318 
0.0495 50 || 0494 «6940 |' .9988 .9905| 0495 .6945| 20.206  .3055 
0,0524 | 3°00’ || .0523 8.7188] .9986 9.9994 | .0524 8.7194 | 19.081 1.2806 
0.0553 10 || 0552 .7423] .9985 .9993 | 0553 .7429] 18.075 .2571 
0.0552] 20 || 0551 .7645| .9983 .9993| 0552 .7652| 17.169 —.2348 
0.0011 30 || 0610 «7857 | .oo8t .9992 | 0612 .7865]) 16.350  .2135 
0,0040 4o || e040 Bosg} .gg8o0 9991 | 0641 8067] 15.005  .1933 
0.0009 §0 |} 0669 $8251 | .9978 .9990) .0670 8261] 14.924  .1739 
0,0098 | 4°00! || .0698 8.8436] .0976 9.9989 | .0699 8.8446} 14.301 1.1554 
0,0727 10 || 0727 .8013] .9974 .9989| .0729 8624] 13.727 .1376 
0,07 50 zo | .0756 .8783|) .o971 .9988 | .0758 8795] 13.197 .1205 
0.0785} 30 || .0785 8946] .9969 .9987 | .0787 8960] 12.706 1040 
0,081 4 40 || 0814 104] .9967 .9986| 0816 .o1t8| 12.251 .o882 
0.0844 50 || 0843 9250) .9964 .9985 | .0846 9272] 11.826 0728 


0,057 3 | 5°00! || 0872 8.9403 | .9962 9.9983 | .0875 8.9420] 11.430 1.0580 
0.0902 10 |} O90 §=.9545] 9959 .9982 | .0904 .9563] 11.059 .0437 
0.0931 20 || 0929 .9052] .0957 .OOSI | .0934 .O70I 10.712  .0209 
©,0900 30 || e958 9816] .9954 9980] .0963 .9836] 10.38 .O104 
0.0989} 40 || 0987 9945] .995t 9979 | .0992 .9906| 10.078 e034 
0.1018 50 || 1016 9,0070| .9948 .9977 | 1022 9.0093 9.75582 0.9907 


0.1047 | 6°00 | 1045 9.0192] .9945 9.9976] 1051 9.0216 0.5144 09784 
0.1076 10 || 1074 .0311 | .9042 .9975 |] .1080 "0336 9.2553 9064 
0.1105) 20 | 1103 0426] .9939 .9073] 1110 .0453'| 9.0098 .9547 
O.1134 3 || 1132 0539] .9936 .9972 | .11390 0567 8.7769 9433 
O.1104 4O || .11Gt 0648} .9932 .9971 | .1169 0078 8.5555 .9322 
O.1193 §O || 1190 0755] .9929 .9969] .1198 0786 8.3450 .O2l4 
0.1222 | 7°00! || .1219 9.0850] .9925 9.9068 | .1228 9.0801 8.1443 0.9109 
0.1251 10 || 1248 0961 | .9922 9966 | .1257  .0995 7.9530 9005 
0.1280 20 || .1276 ,1060} 9918 9964 | .1287 1096 7.7704 «8904 
0.1309 30 |} 1305 1157 | O14 9963] 1317 .1TO4 7.5055  .S8806 
0.1338 40.|/ 1334 61252] .oort  .9961 | 1346. .1201 7.4287 8709 
0.1367 | 50 |} 1303 41345] .9907 .99050] 1376 .1385| 7.2687 8615 
0.1396 | 8°00" || .1392 9.1436} .9903 9.0058 | .1405 9.1478] 7.1154 08522 
ON 42! 10 || .142t 41525] .o899 0956] .1435 «I 509 6.9052 S431 
O14 54 20 || 1449 1612] .o804 09054] .1465 .1658 65269 .8342 


01484] 30 || .1478 1697 | .o890 9052 1495 1745 6.6912 8255 
O1§t3] 40 || 1507 .178t | .o886 9950] .1524 «1831 | 6.5606 .8149 
0.1542 50 || 1536 1863] .o881 9948] .1554 1915 6.4345 ado85 


O1§71 | 9°00! || 1564 9.1043 | .0877 9.0946 | 1584 9.1997 | 6.3138 0.8003 


Nat, Log. Nat, Log. Nat. Log. | Nat. Log. 
ERS. TG ~< | COTAN- | TANGENTS. 
COSINES, SINES. GENTS. 


Smirnsonian Tasces, 


ab TABLE 14 (continued). 33 
CIRCULAR (TRIGONOMETRIC) FUNCTIONS. 


SINES. COSINES. TANGENTS, |COTANGENTS, 


Nat. —_ Log. Nat. 
+1564 9.194 9877 9-9946 oe 9.1997 6.3138 0.8003 1.4137 
1593 «2022 | .98 : 2078 6.1970 (Lome 1.4108 
,t022. Q808 eo 12158 | 6.08 4 1.4079 
1650 ° ‘ 1673 .2230 59758 7704 1.4050 
‘G79 «8 ‘ 9935 | 1703 2313 3708 ~=—.7087 1.4021 
7 : ; : 1733 0 Taba 7011 1.3992 
1730 : 1703 §:6713 0.7537 1,393 

»2408 17932 5.5704 «744 1.3934 
1794s 19929 | 1823 .2009 | 5.4545 «730! 1.3904 
+1822 2006 | .98 19927 | 18 : 5:3955  .7320 1.3875 
MORE ds 9d. ‘ . F 5.3003 .7250 1.3840 
A850, 9822. lh .28 5.2257 7181 1,3817 
.1908 9. i P ; ; 5.1440 O7113 | 1.3788 
1937 . 5.0058  .7047 1.3759 
sI905 : ; : +3020 | 4.98904  .0950 1,3730 
1994 - ; ‘ ‘ 308 4.9152 0915 1.3701 
2022 , : 4.5430 0351 
2051. ; ; : ‘ 4.7729  .6788 
2079 9.3179 |. i : ; 4.7046 0.0725 
21 2 Te 2 ‘ 4.6382 .6004 
ang6 3 : £9899 | . ; 4.5730  .6603 

; ‘ 4.5107 .6542 
12193 .3410/. . ' 4:4494 6453 
12221 +434 j ‘ i ‘ 4.3897 6424 
12250 9. i .9887 | . : 4.3315 0.6360 | 
4a78 |i ; ; , 4.2747  .63009 | 
12300 30 : dst |. ‘ 4.2193 .6252 
2334 3682 | . ‘ ‘ ‘ 4.1053 .6106 
2903. : 95 ‘ : 41t20 6141 
sag0l ; i 2 F 4.0011 6056 
12419 9. ' 9869 | . F 4.0108 0,6032 
2447 = i A Fi ’ 3. ee z 5079 
(an70- v6 i : ‘ 3908 «5920 
12504 , ‘ ; ; 3667 .5873 
2532 ; ‘ ‘ ‘ 58208 5022 

i) . 5 3:7700 —.5770 
2588 9. : i . k 3.7321 0.5719 
2016, i 9840 | .2 : 3.6891 .5069 
2044 .42 f , , ‘ 3.6470 5019 
Ora 96 98 ‘ ‘ 3.0059 .5570 
2700 , : 9830 | .28 ‘ ; 5521 
2748. ' 4 12 F ‘ 5473 


2756 9. 9613 9. é i 4874 0.542 
2 3 : .9825 |. 402 537 
aga se 5 ; ; F 412 ut 
2840 . ; i F . 4 
2808 i ; F i 3402 cae 
2896. i ‘ 4 ‘ , 5192 


129024 9. é F ‘ f ‘ 0.5147 
2053 ‘ 48 

+2979 
+3007 12054 
3035 i i ; ; F 12025 
19002; ‘ ‘ i ‘ / : 1.2595 
1.2506 


1 30/2 
3643 
3014 
3554 
355 

30? 

3497 
£3408 
3439 
13410 
13351 
13352 
13323 
13294 
13205 
3235 
3200 
3177 
3h 46 
3119 
+3090 
.3001 
+3032 
+3003 
+2974 
+2045 


1201 

2880 
2857 
2828 
2799 
12770 
2741 
2712 
2083 


a en ee ee ee ee ee ee ee aad 


_— 


COSINES SINES. cola =| TANGENTS 


SMITHSONIAN TABLES. 


SINES. 


Nat. 


.3090 
Gis 
‘3145 
3173 
3201 
.3228 


.3256 
3283 
331 
‘333 

3305 
3393 
.3420 
-3448 


Log. 


9.4900 
4939 
+4977 
SOLS 
5052 
5090 

9.5126 
5163 
5199 
"5235 
«5270 
5306 


9.5341 
+5375 
«5409 
5443 
$477 
«5510 


9.5543 


COSINES. 


SMITHSONIAN TABLES: 


TABLE 14 (continued). 
CIRCULAR (TRIGONOMETRIC) FUNCTIONS.. 


COSINES. 


Nat. 


.OSit 


9502 
9492 
9483 
9474 
9465 
9455 
9440 
943 

9426 
‘9417 
9407 


9397 
.9387 
9377 
.9367 
.9356 
.9346 
.9336 
9325 
9315 
9304 
9293 
9283 
.9272 
| .g26I 
| .9250 
9239 
| .9228 
| .9216 


.9205 
‘9194 
| .Q182 
.OI7K 
Pee 
ONS? 
‘9135 
9124 
.Qti2 
“9100 
.9088 
‘9°75 
.9063 
905 


9038 


.9026 
9013 
.QOO1 
8988 


8975 
.8962 


‘8949 
8936 


8923 
8910 


Log. 


9.9782 
9778 
9774 
‘9770 
9765 
9761 

9-9757 
97 52 
9748 
9743 
9739 
‘97 34 


9:97 30 


Nat. 


“3249 
3281 
3314 
-3346 
3378 
+3411 
3443 
.3476 
3508 
3541 
+3574 
-3007 
.3640 
3073 
.3706 
:3739 
-3772 
«3805 
3839 
3872 
.3900 
-3939 


-3973 
.4006 


.4040 
4074 
.4108 
.4142 
4176 
.4210 
4245 
4279 
4314 
-4348 
4383 
4417 
4452 
.4487 
4522 
4557 
4592 
.4628 
.4663 
-4699 
-47 34 
‘4770 
.4806 
4841 
.4877 
4913 
«4950 
.4986 
.5022 
+5059 
+5095 


Nat. 


9.5118 
5161 
5203 
5245 
5287 
5329 

9:5379 
5411 
“545! 
“5491 
“503! 
5571 

9.5011 
5650 
ms) 
5727 
5766 
5804 

9.5842 


Log. 


COTAN~ 
GENTS. 


Nat. 


3:9777 


2.9042 
2.8770 
2.8502 
2.8239 
2.7980 
2.7725 
2.7475 
2722 

2.6985 
2.6746 
2.6511 
2.6279 


2.6051 
2.5826 
2.5605 
2.5380 
2.5172 
2.4960 


2.4751 
2.4545 
2.4342 
2.4142 
2.3045 
2.3750 


2.3559 
2.3309 
2.3183 
2.299 

2.2817 
2.2637 


2.2460 
2.2286 
2.2183 
2.1943 


2.1775 
2.1609 


2.1445 
2.1283 
2.1123 
2.0965 
2.0809 
2.0655 
2.0503 
2.0353 
2.0204 
2.0057 
1.9912 
1.9768 


1.9626 
Nat. 


TANGENTS. | COTANGENTS. 


0.4882 
-4839 
4797 
4755 
4713 
.4671 

0.4030 
“45 
4549 
“4509 
-4469 
-4429 

0.4389 
-4350 
4311 
4273 
4234 
-4196 

0.4158 
4121 


0.2928 


Log. 


TANGENTS. 


TABLE [4 \COMzHHER je 


CIRCULAR (TRIGONOMETRIC) FUNCTIONS. 


SINES. COSINES. TANGENTS. |COTANGENTS. 


; Nat. Log. 


1.9626 0.2928 
1.9486 .2897 
1.9347 .2866 
1.9210 2835 
1.9074 .2804 
1.8940 2774 
1.8807 0.2743 
1.8676 .2713 
1.8546 .2683 
1.8418  .2652 
1.8291 .2622 
1.8165  .2592 
1.8040 0.2562 
E7OI? "22533 
1.7796 .2503 
+2474 
12444 
+2415 
0.2386 
+2350 
12327 
+2299 
»2270 
2241 


0.2212 
2184 
+2155 
2127 
-2098 
.2070 


0.2042 
.2014 
1986 
1958 
.1930 
1903 

0.1875 
1847 
-1820 
1792 
1765 
+1737 

0.1710 


0.6283 | 36°00! | . : : ‘ L 1.3764 0.1387 
Nat. Log. 


COSINES. SINES. iy. | TANGENTS. 


SMITHSONIAN TABLES. 


{ 


COSINES 


SMITHSONIAN TABLES. 


.8090 
8073 
8056 
| 8039 
5021 
8004 
.7986 
7969 
‘7951 
7934 
7916 
.7898 
.7880 
-7862 
7344 
-7826 
-7808 
7799 


‘777% 
7753 
7735 
.7716 
7698 
7679 
.7660 
hae 
7923 
gon 
7525 
.7566 
7547 
7528 
*7 509 
7490 
7470 
‘7451 


7431 
7412 
7392 
7373 
7353 
7333 
7314 
-7294 
7274 
7254 
7234 
7214 
7193 
7173 
7153 
7133 
7112 
.7092 
7071 


TABLE 14 (continued), 
‘CIRCULAR (TRIGONOMETRIC) FUNCTIONS. 


COSINES. 


Nat. Log. 

9.9080 
9070 
9061 
.9052 
9042 
9033 

9:9023 


Nat 


TANGENTS. | COTANGENTS. 


Nat. Log. 


.7265 9.8613 
8639 


7310 
7355 
.7400 
7445 
7490 
7530 
7501 
.7627 


| -7673 


.7720 
.7766 
7813 
.7860 
‘7907 
72954 
.8002 
8050 
8098 
8146 
8195 
8243 
8292 
8342 
8391 
S441 


1,0000 


Nat. Log 


COTAN- 
GENTS 


Nat. 


1.3764 
1.3680 
1.3597 
1.3504 
1.3432 
1.335! 
1.3270 
1.3190 
1.3111 
1.3032 
1.2054 
1.2876 


1.2799 
1.2723 
1.2647 
1.2572 
1.2497 
1.2423 
1.2349 
1.2276 
1.2203 
1.2131 
1.2059 
1.1988 
1.1918 
1.1847 
1778 
1708 
1640 
1571 
1504 
.1436 
.1369 
.1303 
.1237 
ALI7I 
1106 
1.1041 
1.0977 
1.0913 
1.0850 
1.0786 
1.0724 
1.0661 
1.0599 
1.0538 


1.0477 
1.0416 


1.0355 
1.0295 
1.0235 
1.0176 
1.0117 
1.0058 


1.0000 


a en ee |] 
. ey fe me 


Nat. 


Log. 


0.1387 
1361 
1334 
.1308 
-1282 
1255 

0.1229 
.120 
1178 
II 50 
1124 
1098 


0.1072 
-1046 
.1020 
0994 
.0968 
0942 

0.0916 
0890 
0865 
0839 
0813 
0783 


0.0762 
.0736 
.O7 IT 
.068 5 
.0659 
0634 

0.0608 
0583 
0557 
0532 
0506 
0481 


0.0456 
.0430 
.0405 
0379 
0354 
.0329 

0.0303 
0278 
025 
022 
0202 
0177 

0.01 52 
0126 
O10! 
.0076 
.OO5I 
0025 


0.0000 


TANGENTS. 


0.00000 
-OI000 
-02000 
03000 
03999 


0.04998 
.05996 
.06994 
.07991 
08988 


0.09983 
-10978 
-IIQ71 
12963 
015954 


0.14944 
15932 
16918 
.17903 
18886 


0.19867 
20846 
.21823 
22798 
+23779 


-24740 
25708 
.26673 
.27636 
28595 


0.29552 
30506 
-31457 
-32404 
+33349 


0.34290 
i) eal 
36162 
=31092 
-38019 


0.38942 
39861 
.40776 
.41687 
42594 


0.43497 
44395 
-45289 
.46178 
-47063 


0.47943 


Log. 


TABLE 15. 
CIRCULAR (TRIGONOMETRIC) FUNCTIONS. 


COSINES. 


TANGENTS 


Nat. 


Log. 


— 
7-99999 
8.30100 


.47706 
-60194 


8.69879 
-77789 
84474 
-90263 
95306 


8.99928 
9.04052 
.07814 
«11272 
.14471 


9.17446 
.20227 
.22836 
25292 
.27614 


9.29813 
.31902 
3389! 
-35789 
37603 


9-39341 
-41007 
-42607 
-44147 
-45629 


9.47059 
-48438 
AO77» 
51060 
52308 


9.53516 
54088 
255825 
50928 
58000 


9.59042 
60055 
-6104T 
-62000 


62935 


9.63845 
64733 
-65599 
20443 
.6726 


9.6807 2 


SMITHSONIAN TABLES. 


1.00000 
0.99995 
‘99980 
99955 
-99920 


0.9987 5 
-99820 
-997 55 
.gg6S0 
“99595 


0.99500 
«99396 
99281 
991 56 
.99022 


0.98877 
98723 
98555 
98384 
98200 


0.98007 
-97803 
97 590 
-97 367 
97134 


0.96891 
.96639 
-99377 
.96106 
-95824 


0.95534 
95233 
94924 
94604 
‘9427 5 


0.93937 
"3359" 
‘93233 
92866 
.92491 


0.92106 
.QI712 
-91309 
.90897 
9047 5 

0.90045 
89605 
89157 
.88699 
88233 


0.87758 


0.00000 
9.99998 
-99991 
-99980 
-99965 


9.99946 
ae 
99894 
99861 
99524 


9.99782 
-997 37 
.99657 
99632 
99573 


9.99510 
99442 
99369 
99293 
99211 


9.99126 
Boe35 
98940 
98841 
98737 


9.98628 
98515 
-98397 
98275 
98148 


9.98016 
97879 
97737 
97591 
‘97440 


9.97284 
97123 
.96957 
.96786 
.96610 


9.96429 
96243 
96051 
‘95855 
95653 


9.95446 
95233 
Q501S5 
-94792 
94563 


9-94329 


——=1 
0.01000 
02000 
.03001 
04002 


0.05004 
.00007 
.O70II 
-08017 

09024 


10033 
T1045 
12058 
JL 3G74. 
.14092 


15114 
-16138 
17166 
-18197 
19232 


.20271 
21314 
22362 
23414 
24472 


0.25534 
.20602 


.27676 
28755 
29841 


0.30934 
232033 
33139 
34252 
35374 


0.36503 
-37640 
38786 
Soar 
41105 


0.42279 
.43463 
44657 
45802 
47078 


0.48306 
“49545 
-50797 
52061 
-53339 


0.54630 


9.00145 
04315 
.08 127 
.11640 
.14898 


917937 
20785 
23466 
.26000 
.28402 


9.30688 
32867 
“34951 
36948 

.38866 


9.40712 
-42491 
-44210 
-45872 
-47482 


9.49043 
-50559 
52034 
-53469 
54868 


9.56233 
-57 565 
58868 
.601 42 
61390 


9.62613 
.63812 
-64989 
.66145 
.67282 


9.68400 
.69500 
70583 
-71651 
.72704 


9-73743 


COTANGENTS., 


1.99999 
69891 
52275 
39771 


1.30067 
22058 
“15419 
109598 
04458 


0.99855 
9565 5 
91873 
.88 360 
85102 


0.82063 
79215 
-79534 
.7 4000 
71598 


0.69312 
67133 
65049 
63052 
61134 


0.59288 
75°09 
“55792 
54128 
52518 


0.50957 | 
49441 
-47906 
-40531 
-45132 


0.43767 
42435 
41132 
-39858 
38610 


0.37387 
36188 
35011 
-33855 
32718 


0.31600 
«30500 
-20417 
-28349 
.27296 


0.26257 


| 


38 TABLE 15 (continued). 
CIRCULAR (TRIGONOMETRIC) FUNCTIONS. 


COSINES. TANGENTS | COTANGENTS. 


Log. Nat. . Nat. Log. | Nat. Log. 


0.47943 9.68072 | 0.87758 9.94329 | 0.54630 9.73743 1.8305 0.26257 
»48818 68858 | .87274  .94089 | .55936 .74769 | ©.7878 -25231 
49688 .69625 | .86782 .93843 | .57256 75782 | .7465 24218 
-50553 ~=—--70375 | .86281 .93591 | .58592 .76784 -2067 23216 
51414 .ZETOS’) 85771 03334 | 50943 77774) |, | DOSS -22226 


0.52269 9.71824 | 0.85252 9.93071 | 0.61311 9.78754 | 1.6310 0.21246 
53119 .72525 | .84726 .g2801 | .62695 .79723 | .5950 »20277 
-53903 = «73210 | .84190 =.92526 | .64097 +.80684 | «5601 19316 
54802 .73880 | .83646 .92245 | .65517 .81635 | -.5263 18365 
-55636 = «74536 | .83004 = .91957 | -60956 82579 | .4935 «17421 


0.56464 9.75177 | 0.82534 9.91663 | 0.68414 9. .4617. 0.16486 
57287. .75805 | .81965 .91363] .69892 . 43038 15557 
.50104 .70420| .81388  .91056]| .71391 8 .4007 14636 
50924 .77022]| .80803 .90743 | 72011 : e375 13720 
.59720 .77012| .80210 .90423| .74454 . 3431 12811 


0.60519 9.78189 | 0.79608 9.90096 | 0.76020 9. +3154 0.11907 
61312 ~.78754 | .78999 ~=«.89762 | .77610 §=- .88992 |_—««w 2885 -11008 
62099 =. .79308 |_‘—«.78382—S («689422 | .79225 ~—« 8 .2622 -IOII4 
62870) 7985 e777 Sync GO 740) eCOoUOl amr. 2366 09223 
63654  .00382 | .77125 .88719 | .82534 .9166 2116 .08337 |: 


0.64422 9.80903 | 0.76484 9.88357 | 0.84229 9.92546 | 1.1872 0.07454 
65183 81414 | .75836 .87988 | .85953 .93426] .1634 06574 
1659038 | <819r4) |) 75180 387611 |) (87707 943081) sal4o2 05097 
,66687' | .82404 || 74517) .87226)] :89492) | LOOE7OnINy waza .04822 
-67429 .82885 | .73847  .86833 | .91309 .Q0051 | .0952 03949 


0.68164 9.83355 | 0.73169 9.86433 | 0.93160 9.96923 | 1.0734 0.03077 
68892 .83817 | .72484 .86024 | .95045  .97793 | .0521 .02207 
69614 .84269] «71791 85607 | .96967 .98662 | .0313 01338 
70328 =. 84713, | «71091 ~=—- «85182 | .98926 9.99531 | 1.0109 00469 
71035 .85147 | .70385  .84748 | 1.0092 0.00400 | 0.99084 9.99600 


0.71736 9.85573 | 0.69671 9.84305 | 1.0296 0.01268 | 0.97121 9.98732 
72429 ~©.85991 | .68950 ~=—«.8 3853, | + .0505 .02138 | .95197 .97862 
73115  .86400 | .68222 .83393 | .0717 03008 | .93309 .96992 
73793 ~+-86802 | .67488 .82922 | .0934 03879 | .91455 .g6r2r 
74464 87195 | .66746 82443 | .1156 — .04752 | -89635 = .95.248 


0.75128 9.87580 | 0.65998 9.81953 | 1.1383 0.05627 0.87848 9.94373 
75784 -87958 | .65244 .81454 | .1016 .06504 | .8009I1 .93496 
76433 838328 | .64483 80944 | .1853 07384 | .84365  .92616 
-77074 ~=.88691 63715  .80424 | .2097 08266 | .82668  .91734 
77707 + .89046 | .62941 .79894 | .2346 09153 | 80998  .90847 


SOR ee Oe) ee ee hs Oe. eee Te 


— ag 


0.78333 9.89394 | 0.62161 9.79352 | 1.2602 0.10043 | 0.79355 9.89957 
78950 = 89735 | 61375 ~—-78799 | .2864 = .10937 | _.77738 _— 89063 
-79500 .90070 | .60582 ~=.78234 | -..3133 11835 | .76146 .88165 
80162  .90397 | «59783 .77658 | .3409 12739 | ~74578  .87261 | 
80756  .90717 | .58979 .77070 | .3692 3648 | .73034 .86352 


0.81342 9.91031 | 0.58168 9.76469 | 1.3984 0.14563 | O.715II 9.85437 
SIOIQ’ | 29183057352 75055) saeos 15484 | .7001I0 .84516 
82489  .91639 | .56530 .75228 | .4592 16412 | 68531 .83588 
83050 = .91934. | .§5702 74587 | -4910 ~=—-.17347 | -67071 ~—-.82653 
83603 .92222 | .54869 .739033 | -5237 18289 | .65631 .81711 


0.84147 9.92504 | 0.54030 9.73264 | 1.5574 0.19240 | 0.64209 9.80760 


SMITHSONIAN TABLEs, 


0.84147 
84683 
85211 
85730 
.86240 


0.86742 
87236 
87720 
88196 
88663 


0.89121 
89570 
-QOOLO 
90441 
90863 


0.91276 
91680 
92075 
-92461 
.92837 


0.93204 
93502 
+93910 
94249 
94578 


0.94898 
oe Sandee 
15510 
95802 
.96084 


bk wR 


fo) 
I 
3 
4 
5 
6 
7 
8 
9 


kb RbK 


0.96356 
.96618 
96872 
97115 
‘97 34 


0-97 572 
97786 
97991 
98185 
98370 


0.98545 
.987 10 
98565 
.QQOIO 
-99146 


0.99271 


-99387 
-99492 


0.99749 


CIRCULAR (TRIGONOMETRIC) FUNCTIONS. 


et 
-92780 
05049 
93313 
93571 


9.93823 
-94069 
.94310 
94545 
94774 


9.94998 
-95216 
95429 
95037 
95539 


9.96036 
-96228 
-96414 
-96596 
96772 


9.96943 
-Q7110 
97271 
97428 
97579 


9.97726 
97868 
98005 
-981 37 
98265 


9.98388 
.98 506 
-98620 
-987 29 
98833 


9.98933 
-99028 
-QOTIQ 
.99205 
.99286 


9.99363 


-99436 
“99504 


9.99891 


SMITHSONIAN TABLES. 


TABLE 15 (continued). 


COSINES. 


Nat. 


0.54030 
53186 
Seaoy 
-51452 
50622 


0.497 57 
.48857 
.48012 
47133 
-46249 


0.45360 
-44406 
-43568 
-42666 
41759 


0.40849 
39934 
30005 
38092 
-37106 


0.36236 
195302 
34365 
-33424 
-32480 


0.31532 
30582 
39628 
.28672 
27712 


.267 50 
25785 
-24818 
23848 
22875 


.219OT 
20924 
19945 
.18964 
17981 


.16997 
.I16010 
15023 
14033 
13042 


.12050 
.11057 
.10063 
.09067 
.0807 I 


0.07074 


Log. 


9.73264 
-72580 
-71981 
-71165 
70434 


9.69686 
-68920 
68135 
-67 332 
.66510 


9.65667 
-64803 
-63917 
-63008 
-62075 


9.61118 
60134 
259123 
580384 
“5/015 


O:55914 
-54780 
53011 
52406 
51161 


9.49875 
48546 
-47170 
45745 
44267 


9.42732 
41137 
-39476 
37744 
-35937 


9.34046 
-32064 
-29983 
-27793 
25482 


.23036 
20440 
17674 
-14716 
.11536 


9.08 100 
104364 
.0027I 


8.95747 
90692 


8.84965 


TANGENTS. 


Nat. 


Log. 


0.19240 
-20200 
.21169 
.22148 
-23137 


0.24138 
25150 
26175 
.27212 
28264 


0.29331 
30413 
-31512 
-32628 
-33763 


0.34918 
36093 
+37291 
38512 
-397 57 

0.41030 
.42330 
-4 3060 
45022 
.40418 


0.47850 
-49322 
50835 
Seo 
-53998 


0.55056 
-57 309 
-59144 
.60984 
62896 


0.64887 
66964 
69135 
71411 
+7 3804 


0.76327 
-78996 
81530 
84853 
88092 


0.91583 
95309 
-99508 

1.04074 
09166 


1.14926 


COTANGENTS. 


| 


0.64209 
-62806 
.61420 
.60051 
-58699 

0.57362 
-50040 
54734 
53441 
52162 


0.50897 
-49044 
-48404 
47175 
45959 


0.44753 
43558 
42373 
-41199 
40034 


0.38878 
37731 
-36593 
35463 
34341 


0.33227 


0.22446 
21398 
20354 
“19315 
18279 


0.17248 
-16220 
-15195 
14173 
13155 


0.12139 
-LII25 
-IOTI4 
09105 
.08097 


0.07091 


9.52150 
50678 
49165 
.47608 
.46c02 


9-44344 
-42031 
40856 
39016 
37104 


9.35113 
-33036 
.30865 
28589 
.26196 


9.23673 
-21004 
.18170 
15147 
.11908 


9.08417 
.04631 
00492 

8.95926 
-90834 


8.85074 


40 


RADIANS. 


TasBLes 15 (continued) anD 16. 


CIRCULAR FUNCTIONS AND FACTORIALS. 


TABLE 15 (continued). — Circular (Trigonometric) Functions. 


SINES. 


Nat. 


0.99749 
‘99815 
99871 
99917 


99953 


0.99978 
0.99994 
T.0O0000 
0.99996 
0.99982 


0.99957 


Log 


9.99891 
+999 20 
99944 
-99964 
99979 


9.99991 
9.99997 
0.00000 
9.99998 
9.99992 


9.99981 


COSINES. 


Nat. 


0.07074 
.06076 
-05077 
104079 
.03079 


0.02079 
-O1080 
.00080 

—.00920 

-.01920 


—0.02920 


Log 


8.84965 
78361 
-70505 
61050 
-48843 


8.31796 
8.03327 
6.90109 
7-96396n 
8.28336n 


8.46538n 


TANGENTS. 
Nat. Log. 


I4-IOI 1.14926 
16.428 21559 
19.070 -29379 
24.498 .38914 
32-461, | -5kig6 


48.078 1.68195 
92.621 1.96671 
1255.8 3.09891 
108.65 2.03603 
52.007. 1.71656 


34-233 1-53444 


COTANGENTS. 
Nat. 


0.07091 8.85074 
.06087 .78441 
05084 .70621 
.04082 .61086 
03081 48864 


0.02080 8.31805 
01080 8.03329 
.00080 6.90109 

-.00920 7.96397n 

—.01921 8.28344n 


-0.02921 8.46556n 


TABLE 16.—Logarithmiec Factorials, 


go°= 1.570 7963 radians. 


Logarithms of the products 1.2.3.......”, m from I to 100, 
See Table 18 for Factorials 1 to 20. 
See Table 32 for log. F (u-+1), values of n between I and 2, 


00 ONO USWDdD EH 


I 


NNN LK 


log (2!) 


0.000000 
0.301030 
0.778151 
1.380211 
2.079181 


2.857332 
3.702431 
4-605 521 
* §-559763 
6.559703 


7.6011 56 
8.680337 
9.794280 
10.940408 
12.116500 


13-320620 
14.551069 
15.806341 
17.085095 
18.386125 


19.708344 
21.050767 
22.412494 
23.792706 
25.190646 


SMITHSONIAN TABLES, 


log (7!) 


33-91 5022 
35.420172 
30.938686 
38-470165 
40.01 4233 


41.570535 
43-1387 37 
44.718520 
46.309585 
47-91 1645 


49-524429 
51.147678 
52.781147 
54-424599 


50.077812 | 


57:740570 


59.412068 | 


61.093909 | 
62.784105 || 


64.48307 5 


log (7!) 


66.190645 
67.906648 
69.630924 
71-303318 
73-103681 


74.851869 || 
76.6077 44 
78.371172 
80.142024 
81.920175 


83.705505 
85.497896 
87.297237 
89.103417 
90.916330 


92.735874 
94.561949 
96.394458 
98.233307 
100.075405 


101.929663 
103.786996 
105.650319 
107*519559 
109.394612 


log (7!) 


I11.275425 
I13-161916 
115.054011 
116.951638 
118.854728 


120.763213 
122.677027 
124.596105 
126.520384 
128.449803 


130.384 301 
132.323821 
134.268303 
136.217693 
138.171936 


140.130977 
142.09476 3 
144.00324 

146.036376 
148.014099 


149.996371 
151.983142 
153-974308 
1 §5-970004 
157.970004 


85°57’ 
86 31 
87 05 
87 40 
88 14 


88°49’ 
89 23 
89 57 
gO 32 
gi 06 


91°40’ 


u 
Nat. 
0:00 | 0.00000 
.of | .O1000 
.02 | .02000 
.03 | .03000 
.04 | .04001 
0.05 | 0.05002 
.06 | .06004 
.07 | .07006 
08 | .08009 
09 | .OgoI2 
0.10 | 0.10017 
i} .[1022 
712 | .12029 
eeaih. .13037 
14 | .14046 
0.15 | 0.15056 
16} .16068 
17 | .17082 
.18 | .18097 
IQ | .IQII5 
0.20 | 0.20134 
eon} 3211'S 
p22nt, .2217 
Feat | .23203 
eq | .24231 
0.25 | 0.25261 
26 | . .26294 
627 | .27320 
28 | .28367 
29} .29408 
0.30 | 0.30452 
syne 3499 
sae | +37949 
magi | .33002 
-34 | -34659 
0.35 | 9-35719 
236 30783 
n37Z | -37°50 
38 | .38921 
-39 | -39996 
0.40 | 0.41075 
41} .42158 
42} .43246 
43] -44337 
441 .45434 
0.45 | 0.46534 
.46 | .47640 
‘47 | .48750 
-48 | .49865 
49 | .50984 
0.50 | 0.52110 


Log. 


—o 
8.00001 
30106 
-47719 
.60218 


8.69915 
77841 
84545 
90355 
95453 


9.00072 
.0422 
.08022 
.IIS17 
-14755 


9-17772 
-20597 
pedaeee 
25762 
.28136 


9.30392 
32541 
-34592 
#30555 
.38437 


9.40245 
-.41986 
43663 
45282 
.40847 


9.48362 
.498 30 
51254 
-52637 
53981 


9.55290 
50564 
57807 
-59019 
.60202 


9.61358 
.62488 
63594 
.64677 
65738 


9.66777 
67797 
-68797 
.69779 
.70744 


9.7 1692 


Nat. 


1.00000 
00005 
.00020 
.0004 5 
.00080 


1.00125 
.00180 
00245 
.00320 
00405 


1.00500 
.00606 
.007 21 
.00846 
.00982 


1.01127 
01283 
01448 
.01624 
01810 


1.02007 
.02213 
.02430 
02057 
02894 


1.03141 
03399 
.03067 
.03946 
04235 


1.04534 
.04544 
.05164 
05495 
05836 


.06188 
06550 
.06923 
+07 307 
.07702 


_~ 


_ 


.08 107 
08523 
.08950 
09388 
09837 


1.102970 
.10768 
11250 
11743 
.12247 


1.12763 


MITHSONIAN TABLES. 


TABLE 17. 
HYPERBOLIC FUNCTIONS. 


Log. Nat. 
0.00000 | 0.00000 
.00002 | .O1000 
.00009 | .02000 
00020 | .02999 
00035 | .03998 
0.00054 | 0.04996 
.00078 | .05993 
.00106 | .06989 
00139 | .07983 
.00176 | .08976 
0.00217 | 0.09967 
.00262 | .10956 
00312 | .11943 
.00366 | .12927 
.00424 | .13909 
0.00487 | 0.14889 
00554. | -15865 
00625 | .16838 
.00700 | .17808 
00779 | -18775 
0.00863 | 0.19738 
00951 | .20697 
01043 | 21652 
01139 | .22603 
01239 | .23550 


0.01343 | 0.24492 


01452 | .25430 
01504 | .26362 
.Or681 .27291 
1801 | .28213 
0.01926 | 0.29131 
.02054 | .30044 
.02187 30951 
02323 | .31852 
02463 | .32748 
0.02607 | 0.33638 
02755 | =3452% 
02907 | -35399 
.03063 | .36271 
03222 | .37136 
0.03385 | 0.37995 
-03552 | .38847 
-03723 | -39693 
03897 | .40532 
04075 | .41364 
.04256 | 0.42190 
04441 | .43008 
.04630 } .43820 
.04822 .44624 
05018 | .45422 
0.05217 | 0.46212 


tanh. u 


Log. 


—o 
7-99999 
8.30097 
.47699 
.60183 


8.69861 
77763 
84439 
90216 
95307 


8.99856 
9.03905 
.07710 
eITISI 
-14330 


9.17285 
-20044 
.22629 
-25062 
-27357 


9.29529 
.31590 
-33549 
-35416 
37198 


38902 
40534 
-42099 
43001 
45046 


‘o 


9.46436 
47775 
-49067 
-50314 
51518 


9.52682 
53809 
-54899 
-55956 
56980 


9.57973 
-58936 
59871 
.60780 
61663 


9.62521 
63355 
.64167 


64957 
65726 


9.66475 


100.003 
50.007 
33-343 
25-013 


20.017 
16.687 
14.309 
12.527 
IL.141 


10.0333 
Q. 127 5 
8.3733 
7-7350 
7-1895 


6.7166 
6.3032 
5.9389 
5.6154 
5.3203 


5.0665 
4.8317 
4.6186 
4.4242 
4.2464 


4.0830 
3-9324 
3-7933 
3-6643 
3-5444 


3:4327 
3285 
-2309 
1395 
0530 


2.9729 
8968 
8249 
‘7570 
6928 


2.6319 
5742 
+5193 
.4672 
-4175 


2.3702 
3251 
2821 


+2409 
.2016 


2.1640 


2.00001 
1.69903 
1.52301 
1.39817 


1.30139 
-22237 
15501 
.09754 
.04693 


1.00144 
0.96035 
92290 
88549 
85670 


0.82715: 


-79950 
77371 
-74938 
72643 


0.70471 
68410 
66451 
64554 
.62802 


0.61098 
-59466 
57901 
-50399 
54954 


0.53564 
5222 
50933 
.49686 
.48482 


0.47318 
460191 
-45101 
-44044 
.43020 


0.42027 
41064 
40129 
39220 
-38337 


0.37479 
36645 
35833 
35043 
-34274 


0.33525 
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42 TABLE 17 (continued). 
HYBERBOLIC FUNCTIONS. 


0.52110 9.71692 | I. 0.05217 | O. 9.66475 | 2. 0.33525 
253240) 9.720245) ais 05419 | . 67205 |@. -32795 
543750) -73540ul0 « 05025 .|) 67916 | . 32084 
55516 .74442]| . 05834 | . -68608 | . -31392 
-§0663. 75330.) - - 8 .06046] . 69284 | 30716 


0.57815 9.76204 | I. 0.06262 | 0.50052 9.69942 | I. 0.30058 
‘E8078 8 977005) ir. 06481 | .50798 .70584] . -29416 
60137) | 77904). 06703), 515300, snore -28789 
.61307. 78751 : 100929) || 52267-71220! 28178 
162483) 7-7.9576)|| «- 07157 | -52990 .72419| . 27581 


0.63665 9.80390 | I. 0.07389 | 0.53705 9.73001 | I. 0.26999 
64854 81194] . -07624),| 9. 5440S, S-73570n\) 26430 
66049 81987 | . 07861, | .55113. -74025 || . 25875 
O725UO2770N ln ee 08102 | .55805 .74667| . 25333 
68459 83543 | - 108346 | .56490 .75197 | - -24803 


0.69675 9.84308 | I. 0.08593 | 0.57167 9.75715 | I. 0.24285 
Vieleieys | Vasialeeh || 4 .08843 | .57836 .76220] . 23780 
72120 ©=.85809 |] . -09095 | .58498 .76714 | . 23286 
73303 +.86548 | .2402 0035s |) -5OUR2 77 Ome 22803 
.74007. .87278 | . .09609 | .59798 .77669| . 22331 


0.75858 9.88000 | 1.2 0.09870 | 0.60437 9.78130 | I. 0.21870 
tgp esses |e -10134 | .61068 .78581 | . -21419 
7OB040 | -OO42ah| ae -I0401 | .61691 .79022 | . -2097 
79059 .90123 | .278 2100701)" 262307, a7 OA 584mm -20547 
80941 .go817 | . -10942 | .62915’ .79875] . -20125 


0.82232 9.91504 | I. 0.11216 | 0.63515 9.80288 | I. 0.19712 
263580) | 021851 -11493 | .64108 80691 | . -19 3C9 
84838  .92859 | . -11773 | .64693 81086] . -18914 
86153 .93527 : 12055) | .0527) | .OU472ulene 18528 
87478  .94190 | .32862 .12340 | .65841 .81850] . -18150 


0.88811 9.94846 | 1. 0.12627 | 0.66404 9.82219 | I. 0.17781 
QOI52 .95498 | .346: 12917 | .66959 .82581 | . ) -17419 
91503 .90144 | .35 -13209 | -.67507 .82935| . 17065 
.92863 «96784 | . -13503 | .68048 .83281 |] . 16719 
04233 07420 | |. 13800 | .68581 .83620] . -16380 


0.95612 9.98051 : 0.14099 | 0.69107 9.83952 | I. 0.16048 
197000 ©.98677 | . -14400 | .69626 .84277 | . 1§723 
98398  .99299 | .402 14704 | .70137 84505 | . -15405 

99916 | . -15cog | .70642 .84906]| . -1 5094 
0.00528 | .422 SDS307.1| 7 PLS) y Oger ire -14789 


0.01137 | TI. 0.15627 | 0.71630 9.85509 | I. 0.14491 
SO 7A tellus 15939) |. -72113 | -O5601) «5 14199 
cO2 Rd Tal eae 16254 | .72590  .86088 
.02937 | . 16570 | .73059 —-86368 
Telsisatoy |e 16888 | .73522 .86642 


0.04119 | I. 0.17208 | 0.73978 9.86910 
.04704 | . Lor 74428 .87173 
05286 | . -17855-| .74870 .87431 
05864 | . 18181 75307.  .87683 
.06439 | . -18509 | .75736 87930 


1.17520 0.07011 | 1.54308 0.18839 | 0.76159 9.88172 | I. 0.11828 


SMITHSONIAN TABLES. 


TABLE 17 (continued). 43 
HYPERBOLIC FUNCTIONS. 


tanh, u 


Nat. Log. 


1.17520 0.07011 | 1.54308 0. 0.76159 9.88172 | I. 0.11828 
.19069 .07580 | .55491_ -76576 .88409 |] . -LI591 
.20030 .08146 |] .56689 . 76987. .88642 |] . 11358 
-22203, .08708 | .57904 . -77391 ~=—.88869 |. 11131 
23788  .09268 | .59134 77789. 89092.| . 10908 


1.25386 0.09825 | 1.60379 0. 0.78181 9.89310 | I. 0.10690 
.26996 .10379 | .61641_ «2 78566 .89524 | . 10476 
.28619 .10930|] .62919 . 78946 89733] . .10267 
0254) «kl479)| | .G42n4.  .2ni52 :79320 89938 | - -10062 
signs) .12025.| -O525. .79088 .90139 | - 09861 


1.33565 0.12569 | 1.66352 0.222: 0.80050 9.90336 | I. 0.09664 
35240" .03D01 | :68196) 80406 .90529] . 09471 
36929 ©6.13649 | .69557_ 80757, -90718):|| ). .09282 
g00g%  .1L4T86) | 70084. ~ . Beli ecoLO2) | .QOG03N)\1. 09097 
MORA7y 30A720)| 72320) 81441 .gio85] . 08915 


1.42078 0.15253 | 1.73741 0.23990 | 0.81775 9.91262 | I. 0.087 38 
agora, .05703)| .PSI7E- -24346.| 82104 .91436.| .« .08 564 
-4ig581  .16310 | .76618 .24703 | .82427. .Q1607 | -. .08 393 
a7eg5) -£0836) | 7808s, 25062) |) .82745 91774 | . .08226 
4gr43: 17300 | .79565 .25422| .83055. .91938 | . .08062 


1.50946 0.17882 | 1.81066 0.25784 | 0.83365 9.92099 | I. 0.07901 
-52764 .18402 | .82584 .261460| .83668 92256] . .07744 
54598 .18920| 84121 .26510| .83965 .92410] . .07 590 
56447. .19437 | .85676 .26876 | .84258 .92561 i 07439 
-5631I. .19951 | .87250 .27242 | .84546 .92709| . .07291 


1.60192 0.20464 | 1.88842 0.27610 | 0.84828 9.92854 | 1. 0.07146 
-62088  .20975 | .90454 .27979| .85106 .92990]| . .07004 
64001 .21485 | .92084 .28349 | .85380 .93135| . 06865 
65930 .21993| .93734 .28721 | .85648 .93272]| . .067 28 
67876  .22499 | .95403 .29093 | 85913 .93406] . .06594 


1.69838 0.23004 | 1.97091 0.29467 | 0.86172 9.93537 | I. 0.06463 
71818  .23507 | .98800 .29842 | .86428  .93665] . .06335 
73814 .24009 | 2.00528 .30217 | .86678 .93791 i .06209 
75028 .24509 | .02276 .30594 | .86925 .93014| . .06086 
77860 .25008 | .04044 .30972 | 87167 .94035| . 05965 


1.79909 0.25505 | 2.05833 0.31352 | 0.87405 9.94154 | I. 0.05846 
rg77 | .20002,| .07643- .31732.| 87639. .o4270.| . 057 30 
regooz 204906) .09473 + .32113.| .87869 94384] . .05616 
86166 .26990 | .11324 .32495 | 88095 94495]. . £05505 
88289 .27482 | .13196 .32878 | .88317  .94604]| . 05390 


1.90430 0.27974 | 2.15090 0.33262 | 0.88535 9.94712 | I. 0.05288 
925901 .28464 | .17005 .33647 | .88749 .94817 | . .05183 
94770  .28952 | .18942 34033 | 88960 .o4gIg | . 05081 
96970 .29440 | .20900 34420] .89167 .95020| . .04980 
99188 .29926 | .22881  .34807 269370) | .O511O))|| 1. .04881 


2.01427 0.30412 | 2.24884 0.35196 | 0.89569 9.95216 : 0.04784 
.03686  .30896 | .26910 = .35585 re 65 vee 10g Wise .04689 
05965 31379 | .28958 .35976| .89958 .gs404| . .04596 
08265 .31862 | .31029 ©.36367 | .goT47_ —.gs495 | . 04505 
sreGEoO. ..34343,| .33123. .36750)| .90332. . .os84.| . 04416 


2.12928 0.32823 | 2.35241 - 0.37151 | 0.90515 9.95672 | I. 0.04328 
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44 TABLE 17 (continued). 
HYPERBOLIC FUNCTIONS. 


Log. 


2.12928 0.32823 | 2.35241 0.37151 | 0.90515 9.95672 0.04328 
5291 «33303 | -37382— -37545 | -90004 .95758 -04242 
17676 .33781 | .39547—--37939 | .90870 —.9 5842 .04158 
-20082 §.34258 | .41736 38334 | .91042 .95924 | . 04076 
-22510 = .34735.| -43949 -38730| .g1212 .9Q6005 -03995 


24961 0.35211 | 2.46186 0.39126 | 0.91379 9.96084 0.03916 
-27434  -35086 | .48448 .39524 | .91542 .96162 -03838 
-29930 =.36160 | .50735 39921 | .91703 .96238 03762 
32449 36633 | -53047 40320 | 91860 .96313 .03687 
34991 = «37105 | -55384 .40719 | .g2015 .96386 -03614 


-37557 9.37577 | 2:57746 0.41119 | 0.92167 9.96457 0.03543 
40146 .38048 | .60135 41520 | .92316 .96528]| . 03472 
-42760 38 518 | -62549 .41921 | .92462 .96597 | . 03403 
-45397. =-38987 | .64990 .42323 | .92606 .96664]| . 03330 
48059 39456 | -67457 42725 | .92747 .96730| - .03270 


50746 0.39923 | 2.69951 0.43129 | 0.92886 9.96795 | 1. 0.03205 
‘53459 40391 | -72472 .43532 | .93022 © .g0358 | - -03142 
.50196 .40857 | -75021 .43937 | -93155  .96921 : -03079 
58959 -41323 | 77 596 .44341 | .93286. .96982 | . 03018 
61748  .41788 | .80200 .44747 | .93415 .97042]| . .02958 


64563 0.42253 | 2.82832 0.45153 | 0.93541 9.97100 | I. 0.02900 
67405 .427 17 85491 -45559 | -93065 .97158 | . .02842 
7027 3 43180 83180 -45906 | .93786 .97214| . .02786 
-73168 — .43643 | .90897 .46374 | .93906 .97269 | .« 02731 
76091 .44105 | .93643 .46782 | .94023 .97323 | - 02677 


2.79041 0.44567 | 2.96419 0.47191 | 0.94138 9.97376 | I. 0.02624 
.82020 .45028 | .99224 .47600 | .94250 .97428] | 02572 
85026 .45488 | 3.02059 .48009 |] .94361 .97479| « 02521 
85061 §=.45948 | + .04925 .48419 | .94470 .97529] - -02471 
.o1125 .46408 | .07821 .48830 | .94576 .97578 | . .02422 


2.94217 0.46867 | 3.10747 0.49241 | 0.94681 9.97626 | I. 0.02374 
97340-47325 | -13705 49652 | .94783 97673 | - .02327 
3.00492 .47783 | 16694 .50004! .94884 .97719] . .02281 
03074 .48241 | -19715 .50476) .94983 .97764]| . .02236 
.06886 .48698 | .22768 .50889 | .g5080 .97809 | . .O21QI 


3.10129 0.49154 3.25853 0.51302 | 0.95175 9.97852 | I. 0.02148 


-13403 .49610 970 .51716 | .9526 .97895 | - 02105 
«16709 .50066 | .32121 .52130 | .95359 .97930)) .02064 
-20046 .50521 | .3 5305 52544 | -95449  .97977 | - 02023 
23415. .50976.| .38522. ~52050)|| O55a7) .OoOlmal 1 01983 


3.26816 0.51430 | 3.41773 0.53374 | 0.95624 9.98057 0.01943 
-30250 =. 51834 | .45058 53789 | .95709 ~=—-.g8095 8 01905 
33718  .52338 | .48378 .54205 | .95792 .98133 01867 
37218 .52791 | .51733 -5462t | .95873 .98170 01830 
40752 .53244 | -55123 55038 | -95953 .982c6 01794 


3.44321 0.53696 | 3.58548 0.55455 | 0.96032 9.98242 0.01758 
.47923 54148 | .62009 .55872 | .g6109 .98276 .O1724 
.§1561 .54600 | .65507  .56290 | .96185 .983II 01689 
55234 .58051 | .69041 .56707 | .96259 .98344] . .01656 
58942 .55502 | .72011 57126 | .96331  .98377 01623 


3.62686 0.55953 | 3-76220 0.57544 | 0.96403 9.98409 0.01 5QI 
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2.50 


sinh. u 
Nat. Log. 
3.62686 0.55953 
.66466 .56403 
ee 56853 
7413 -57303 
.78029 — -57753 
3.81958 0.58202 
85926 .58650 
89932-59099 
93977, -59547 
98061-59995 
4.02186 0.60443 
.06350 = .60890 
10555 .61337 
14801 61784 
19089 = .62231 
4.23419 0.62677 
27701,  .6312 
.32205  .63569 
36663 = .64015 
41165  .64460 
4.45711 0.64905 
.50301 .65350 
-54936 © -65795 
59617  .66240 
64344  .66684 
4.69117 0.67128 
-73937. 67572 
.78804  .68016 
By 20 ~=.68459 
88684  .68903 
4.93696 0.69 346 
.98758  .69789 
5.03870 .70232 
09032 ~=.70075 
14245 .71117 
5.19510 0.71559 
24827 .72002 
130196 72444 
35618 72885 
41093-73327 
5-46623 0.73769 
52207 .74210 
-57847 — -74652 
63542 — .75093 
69294-75534 
575103 9.75975 
80969 = .70415 
86893 .76856 
.92876 =.77296 
98918 — .77737 
6.05020 0.78177 
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TABLE 17 (continued). 
HYPERBOLIC FUNCTIONS. 


cosh. u tanh. u coth. u. 
Nat. Log. Nat. Log. Nat. Log. 
3.76220 0.57544 | 0.96403 9.98409 | 1.0373 0.01591 
79865  .57903 | .96473 .98440 | .0366 01560 
83549 ©-.58382 | .96541 98471 | .0358 01529 
87271  .58802 | .g6609 .g8502 | .0351 01498 
91032-59221 | .96675 .98531 | -0344 01469 
3.94832 0.59641 | 0.96740 9.98560 | 1.0337 0.01440 
.98671 .60061 | .96803 .98589 | -0330 OI4IT 
4.02550  .60482 | .96865 .98617 | .0324 = .01383 
.06470 .60903] .96926 .98644 | -0317 01356 
-10430 61324 | .96986 .98671 | .0311 -O1 329 
4.14431 0.61745 | 0.97045 9.98697 | 1.0304 0.01303 
18474  .62167 .97 103 98723 0298 .01277 
22558  .62589 | .97159 98748 | 0292 .O1252 
.26685 .63011 | .97215 .98773 0286 .01227 
30855  -63433 | .97269 98798 0281 01202 
4.35067 0.63856 | 0.97323 9.98821 | 1.0275 0.01179 
-39323  .64278 | .97375 98845 | 0270 —.O1155 
436023 .64701 | .97426 .98868 | .0264 =—.01132 
-47907. ~—-.6512 97477 .98890 0259 .OIIIO 
523560 .65545 | .97526 .98q12 0254 01088 
4.56791 0.65972 | 0.97574 9.98934 | 1.0249 0.01066 
61271 .60396 | .97622 .98955 | .02 01045 
65797 .66820 | .97668 98975 | .0239  .01025 
.70370 67244 | .97714 .98996 | .0234 ‘01004 
74989 67668 | .97759 .ggo16 | .022 .00984 
4.79657 0.68093 | 0.97803 9.99035 | 1.0225 0.00965 
84372 .68518 | .97846 .99054 | -0220 .00946 
89136 .68943 | .97888  .99073 0216 00927 
93948  .693603 | .97929 ~=.ggogI O21 .00909 
98810 .69794 | .97970 .gQI0g 0207 00891 
5-03722 0.70219 | 0.98010 9.99127 | 1.0203 0.00873 
08684 .70645] .98049 .99144 0199 .008 56 
.13697. .71071 | .98087 ~—.ggr Or 0195 .00839 
18762 .71497 ] .g8124 ~.99178 OIOL .00822 
.23878 .71923 | .98161 99194 o187 .00806 
5:29047 0.72349 | 0.98197 9.99210 | 1.0184 0.00790 
34269 «6.72776 | .98233 = .99226 o180 .00774 
-39544  -73203.| -98267  .99241 | .0176 00759 
-44873 -73630 | 98301 = .99256 | .0173 — .00744 
-50256 .74056] .98335 .99271 | .0169 .007 29 
5.55095 0.74484 | 0.98367 9.99285 | 1.0166 0.00715 
61189 ~—.74Q11 .98400 .99299 0163 .00701 
66739 75338 | -9843t 99313. | .01§9 —.00687 
-72346 .75766 | .98462 .99327 o156 .0067 3 
.78010 ~=.76194 | .98492 .99340 0153 .00660 
583732 0.76621 | 0.98522 9.99353 | I.o150 0.00647 
89512 .77049 | .98551 .99306 0147 00634 
95352-77477 | -98579 99379 | .0144 00621 
6.01250 .77906 | .98607 99391 O14! .00609 
07209-78334 | .98635 = 99403 | .0138 —.00597 
6.13229 0.78762 | 0.98661 9.99415 | 1.0136 0.00585 


45 


gd. u 


46 TABLE 17 (continued), 
HYPERBOLIC FUNCTIONS. 


6.05020 0.78177 | 6.13229 0.78762 | o. 9.99415 | I. 0.00585 
-11183-.78617 | .19310 = .79191 : . 99426 | *. .00574 
17407 79057 | -25453  -79619 | . 99438 |. .00562 
23092 .79497 | 31655 80048] . 99449 | - 00551 
30040" .79937"| 4397927" .80477%| fF: 99460 | . 00540 


6.36451 0.80377 | 6.44259 0.80906 | o. 9.99470 | 1. 0.00530 
.42926 .80816 | .50656 .81335] . 2 .99481 | . 00519 
49464 .81256] .57118 .81764] . 99491 | - .00509 
56068 .81695 | .63646 82194] . 3 aegann| .00499 
62738  .82134 | .70240 .82623] . QO5II-| « .00489 


6.69473 0.82573 | 6.76901 0.830 52 | 0.98903 9.99521 0.00479 
76276 =.83c12 | .83629 .83482 | .98924 .99530| - .00470 
83146 .83451 | .90426 83912 | .98946 .99540] . .00460 
9008 5 83590 97292 ~=.84341 | + .98906 8.99549 | - 00451 
97092 ~=.8 4329 | 7.04228 84771 98987 99558 : .00442 


7.04169 0.84768 | 7.11234 0.85201 | 0.99007 9.99566 | I. 0.00434 
T1317 4.85200"). 18312" <O5031)|| -O9020) Togs T5nl a 00425 
18536 .85645 | .25461 .86061 | .99045 .99583| - 00417 
25827 .86083 }] .3268 86492 | .99064 .99592 | - .00408 
33190 .86522 | .3997 86922 | .99083 .99600] . -00400 


7.40626 0.86960 | 7.47347 0.873 °° 0.99101 9.99608 | I. 0.00392 
48137. 87398 | -54791_ 87783. | -99118 = .gg615 | . £0038 § 
55722 87536 | .62310 .88213'| .99136- 99623.) 00377 
.63383 .88274 | .6990 88644 | .99153 .99631 | . .00369 
E20 EOOpI2 Ne ee77 57, -89074 | .99170 .99638 | . 00362 


7-78035 0.89150 | 7.85328 0.89505 | 0.99186 9.99645 | I. 0.00355 
8682 89588 | .93157 .89936 .99202 .99652| . 00345 
94799 .90026 | 8.01065 .90367 | .99218 .99659 | - .00341 
8.02849 90463 | .09053 .90798 | .99233 .996060) - 00334 
10980 .gogol | .17122 .gI122 99248  .99672]| . .00328 


8.19192 0.91339 | 8.25273 0.91660 | 0.99263 9.99679 0.00321 


27486 .91776 | .33506 .92091 | .99278 .99685]| . .00315 
35862  .92233 | .41823 .92522 | .99292 .996901 00309 
44322 .92651 | .50224 = 92953 99306 = .gg 698 00302 
52867 = .93088 | .§8710 = .93385 | .99320 ~=—.99704 00296 


8.61497 0.93525 | 8.67281 0.93816 | 0.99333 9.99709 0.00291 
.70213, 93963] -75940 .94247 99346 .99715 0028 5 
79016 94400 | 84686 = .94679 | .99359 99721 | . .00279 
87907. .94837 93520 .g5IIO 99372  .99726 ‘ -00274 
.96887  .95274 | 9.02444 .95542 | .99384 99732 .00268 


9.05956 0.95711 | 9.11458 0.95974 | 0.99306 9.99737 0.00263 
15116 §=.96148 | .20564 .96405 | .99408 99742] : 00258 
24368  .96584 | .29761 .96837 | .99420 .99747 | - 00253 
eyed, eyo) <J9051 .97260'| |.90531 .90752)) 00248 
43149 97458 | .48436 97701 | 99443-99757 | - 00243 


9.52681 0.97895 | 9.57915 0.98133 | 0.99454 9.99762 0.00238 
.62308  .98331 | .67490 98565 | .99464 .99767 | - 00233 
.72031 .98768 | .77161 98997 | .99475 -99771 | - .00229 
81851  .99205 | .86930 .99429 | .990485 .99776] . .00224 
91770  .99641 .96798 .gg861 99496 .99750| . -00220 


3.00 |10.01787 1.00078 |10.06766 1.00293 | 0.99505 9.99785 0.00215 
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10.0179 
11.0765 
12.2459 
13-5379 
14.9654 


WwW 


16.5426 
18.2855 
20.2113 


22.3394 
24.0911 


Ww 


0 OOBYVORH FHHHO OBYNSTH ADKHO 


27.2899 
30.1619 
33-3357 
36.8431 
40.7193 


45.0030 
49-7371 
54.9690 
60.7511 
67.1412 


Sal 


-~ 


uo 


74.2032 


See Table 16 for logarithms of the products 1.2.3... 


TABLE 17 (continued). 


HYPERBOLIC FUNCTIONS. 


Nat. 


10.0677 
11.1215 
12.2866 
13.5748 
14.9987 


16.5728 
18.3128 
20.2360 
22.3018 
24.7113 


27.3082 
30.1784 
33-3507 
30.8567 
40.7316 


45.0141 
49-7472 
54-9781 
60.7593 
67.1486 


74.2099 


0.99505 
99595 «9 
99665 =. 
99728. 
‘99777 


0.99818 9.9 
998519 
99878 9 
99900.) 
99918 


0.99933 9:9 
99945 9 
190955 <9 
99903 9 
99970 9 


0.99975 9.9 
99980.) 
99983 .9 
99986. 
99989 .g) 


0.99991 9:9 


1.00293 
.04616 
.08943 
13273 
17605 


21940 
-26275 
30612 
34951 
-39290 


-43029 
.47970 
52310 
56052 
.60993 


65335 
.69677 
-74019 
78361 
82704 


1.87046 


TABLE 18,—Factorials, 


9.99785 


+99903 


0.00215 
-00176 
.001 44 
00118 
00097 


9824 
9856 
9882 


0.00079 
.00065 
00053 
.00043 
.00036 


992 I 
9935 
9947 
9957 
9964 


9971 
9976 
9980 
9984 
9987 


0.00029 
.00024 
.00020 
.00016 
.00013 


0.0001 I 
00009 
.00007 
.00006 
.0000 5 


9989 
9991 
9993 
9994 
9995 


9996 0.00004 


.n from 1 to too. 


See Table 32 for log. [ (n+1) for values of mn between 1.000 and 2.000. 


Ss 


I. 


O. 
36666 66666 66666 66666 66667 
.04166 66666 66666 66666 66667 


.00833 33333 33333 33333 33333 
0.00138 88888 88888 88588 88889 


47 


00019 84126 98412 69841 26984 
00002 48015 87301 58730 15873 
00000 27557 31922 39858 90053 
00000 02755 73192 23985 89065 


CO OND WMWAWN 


36 28800 


399 16800 

4790 01600 
62270 20800 

8 71782 91200 
130 76743 68000 


0.00000 00250 gzr08 38544 17188 


.00000 00020 87675 69878 68099 
00000 00001 60590 43836 82161 
.00000 00000 11470 74559 77297 
.00000 00000 00764 71637 31820 


2092 27898 88000 

35503 74289 96000 

6 40237 37057 28000 
I2I 64510 04088 32000 
2432 90200 81766 40000 


0.00000 00000 00047 79477 33239 
.000CO 00000 00002 81145 72543 
.00000 00000 00000 15619 20097 
.00000 00000 00000 00822 06352 
00000 00000 00000 00041 10318 
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SMITHSONIAN TABLES. 


logio(e) 


0.00000 
100434 
.00869 
01303 

01737 


0.02171 
.02606 
.03040 
-03474 

+03909 


EXPONENTIAL FUNCTION. 


0.04343 
+04777 
05212 
05646 
.06080 


0.06514 
.06949 
07 383 
.07517 
08252 


0.08686 
.09120 
:09554 
.09989 
10423 


0.10857 
.11292 
11726 
.12160 
12595 


0.13029 
-13463 
13897 
14332 

14766 


0.15200 
15635 
.16069 
16503 
-16937 


0.17372 
.17806 
.18240 
.18675 
.IQlO0g 


0.1954 
+1997 
-20412 
.20846 

.21280 


0.21715 


oO. 


f : TABLE 19 (continued). 49 
EXPONENTIAL FUNCTION. 


logy (e* ) 


logo (e7 ) 


0.43429 2.7183 0.367879 1.50 0.65144 4.4817 0.223130 

43864 -7450 364219 OE 65578 5267 .220910 

44298 7732 360595 52 65013 5722 218712 

44732 orl -357007 a53 66447 6182 .216536 

45107 8292 353455 54 66881 .6646 214381 

0.45601 2.8577 0.349938 1.55 0.67316 git, 0.212248 

46035 8364 «346456 50 67750 210136 

-46470 9154 343009 57 68184 $366 -208045 

46904 9447 -339590 58 68619 8550 —— .205975 

47338 ‘9743 -336216 59 69053 9037 .203926 

0.47772 3.0042 0.332871 1.60 0.69487 4.9530 0.201897 

.48207 0344 329559 61 69921 5.0028 1998388 

48641 .0649 326280 62 70356 0531 197899 

49975 -0957 -323033 63 . +70790 -1039 +195930 

-49510 1268 319819 64 -71224 1552 193980 

0.49944 31582 0.316637 1.65 0.71659 5.2070 0.192050 

: 50378 —. 1899 -31 3486 .66 72093 2503 190139 
07, .50812 +2220 310367 .67 72527 sake2 .188247 
18 51247 2544 307279 68 72961 3656 186374 
.19 51081 .2871 304.221 .69 .73390 4195 184520 
1.20 0.52115 3.3201 0.301194 1.70 0.73830 5.4739 0.182684 
<2 52550 3035 298197 opi 74264 5290 .180866 
s28 .52084 3872 295230 we .74699 5845 .179066 
23 53418 4212 292293 73 78033 .6407 177284 
124 53853 4556 .289384 74 75507 6973 -175520 
1.2 0.54287 3.4903 0.286505 175 0.76002 5-7546 0.173774 
.26 54721 5254 -283054 76 -76436 8124 172045 
27 55155 5609 280832 77 -76870 8709 170333 
.28 55590 5966 .278037 78 77304 9299 .168638 
.29 56024 .6328 .275271 79 77739 9895 .166960 
1.30 0.56458 3.6693 0.272532 1.80 0.7817 6.0496 0.165299 
331 56893 7062 ee 81 TaeoR ein aoa 163654. 
532 57327 7434 267135 82 79042 -1719 .162026 
33 57701 7810 .264477 83 .79476 12339 160414 
34 .§8195 8190 261846 84 79910 +2905 158817 
1.35 0.58630 3.8574 0.259240 1.85 0.80344 6.3598 0.157237 
36 59064 8962 .250661 86 80779 oH on 155073 
37 59498 9354 254107 87 81213 883 154124 
38 59933 9749 :251579 88 81647 "$538 »152590 
+39 .60367 4.0149 -24907 5 89 82082 6194 151072 
1.40 0.60801 4.0552 0.246597 1.90 0.82516 6.6859 0.149569 
41 61236 .0960 244143 QI 82950 7531 .148080 
42 .61670 1371 241714 92 83385 8210 -146607 
43 62104 1787 -239309 .93 83819 8895 145148 
44 62538 2207 .230928 94 84253 955 143704 
1.4 0.62973 4.2631 0.234570 1.95 0.84687 7.0287 0.142274 
4 63407 3060 232236 .96 85122 0993 140858 
47 63841 Vee hvac 97 85556 = -1707 139457 
.48 64276 -392 22763 98 85990 2427 138069 
49 64710 4371 :225373 99 86425 +3155 +136695 
0.65144 4.4817 0.223130 2,00 0.86859 =—_ 7.3891 0.135335 
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50 TABLE 19 (continued). 


EXPONENTIAL FUNCTION. 
“3 logio (e”) ex e-@ * logio (e”) ex e-a 
2.00 0.86859 7.3891 0.135335 2.50 1.08574 12.182 0.08208 
.OL 87293 4633 Po .5t .09008 +305 081 268 
02 87727 5383 132655 ay 09442 429 .080460 
03 88162 6141 131336 53 .09877 554 079659 
04 .88 596 .6906 .130029 54 -103L1 630 .078866 
2.05 0.89030 7.7079 0.128735 2.55 1.10745 12.807 0.078082 
.06 89465 .8460 127454 50 -II179 936 077 305 
07 .89899 .9248 .126186 57 11614 13.006 .076536 
.08 90333 8.0045 124930 58 12048 , 197 075774 
.09 90708 0849 123087 59 12482 +330 .07 5020 
2.10 0.91 202 8.1662 0.122456 2.60 1.12917 13.464 0.074274 
Ud .91636 .2482 121238 61 13351 599 073535 
12 -92070 agighine .120032 62 13785 730 pen 
13 92505 4149 -118837 | 63 14219 874 .07 207 
14 92939 4994 117655 64 14654 14.013 .071361 
Dail 0.93373 8.5849 0.116484 2.65 1.15088 14.154 0.070651 
16 .93808 .67 11 115325 .66 15522 .290 .069948 
17 94242 7593 .114178 .67 15957 .440 .069252 
18 .94676 8463 113042 .68 16391 ° 585 -068 563 
19 95110 9352 -IIIQI7 .69 16825 732 067881 
2:2 0.95545 9.0250 0.110803 2.70 1.17260 14.880 0.067 206 
.21 95979 1157 .109701 7 17694 =—-15.02 .066537 
22 .90413 .2073 108609 72 18128 .180 .06587 5 
2g 96848 2999 .107 528 73 18562 333 065219 
124 97282 +3933 -106459 74 18997 487 .064570 
2.25 0.97716 9.4877 0.105399 2716 1.19431 15.643 0.063928 
.20 O81 51 -§831 104350 .76 19865 .800 .063292 
i277, 98585 .6794 103312 ohh 20300 959 .062662 
.28 .QQO19 .7767 102284 78 -20734 16.119 .062039 
29 99453 8749 -101266 79 21108 281 061421 
2.30 0.99888 9.9742 0.100259 2.80 1.21602 16.445 0.060810 
31 1.00322 10.074 099261 BI .22037 -610 060205 
32 .007 56 176 098274 82 22471 rly 059606 
33 .OLIQI .278 .097 296 83 22905 945 .05901 
34 .01625 2381 096328 84 ‘| .23340° 17.116 05842 
2.35 1.02059 10.486 0.095369 2.85 1.23774 17.288 0.057844 
30 02493 591 094420 | 86 24208 .462 057269 
227, 02928 .697 093481 87 24643 637 056699 
38 03362 805 0092551 88 25077 814 056135 
39 .03796 913 1091630 89 25514 993 1055570 
2.40 1,0423f 11.023 0.090718 2.90 1.25945 18.174 0.055023 
AI .04665 .134 089815 .9I 26380 357°  ~+—.054476 
.42 05099 .246 088922 .92 26814 541 053934 
43 105534 -359 .088037 93 .27248 728 -053397 
44 .05968 473 087161 94 .27683 O16 .052566 
2.45 1.06402 11.588 0.086294. 2.95 1.28117 19.106 0.052340 
.46 .068 36 705 1085435 .96 28551 298 051819 
.47 07271 822 084585 .97 2893 5 492 051303 
.48 .07705 O41 083743 .98 .29420 .688 050793 
49 08139 12,061 082910 99 .29854 886 050287 
2.50 1.08574 12.182 0.08208 5 3.00 1.30288 20.086 0.049787 
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logio(é2) 


1.30288 
39723 
31157 
31591 
.32026 


1.32460 
.32894 
33328 
-33763 
34197 


' 1.34631 
35006 
-35500 


*35934 
.30368 


1.36803 
-37237 
37675 
-38 106 
.38540 


1.38974 
-39409 
39843 
.40277 
-4071L 


1.41146 
.41580 
42014 
42449 
42883 


1.43317 
-43751 
-44186 
.44620 
45054 


1.45489 
45923 
.40357 
.40792 
.47226 


1.47660 
48094 
48529 


48963, 


49397 


1.49832 
50266 


-50700 © 


51134 
-51509 


1.52003 
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TABLE 19 (continued). 


EXPONENTIAL FUNCTION. 


e—z 


0.049787 
.049292 
.048801 
-048316 
-047835 


0.047359 
.046888 
.046421 
045959 
045502 


0.045049 
.044601 
044157 
-043718 
043283 


0.042852 
-042426 
«042004 
«041586 
-O44172 


0.040762 
+0403 57 
039955 
-039557 
039164 


0.038774 
038388 
.038006 
-037628 
037254 


0.036883 
036516 
036153 
035793 
035437 


0.035084 
034735 
'+034390 
-034047 
-0337°9 


0.033373 
.033041 
032712 
-032387 
032065 


0.031746 
031430 
031117 
030807 
030501 


0.030197 


logyo(e) 


1.52003 


.52437- 


52872 
-53306 
“53749 


1.54175 
-54609 
55043 
-55477 
-55912 


1.56346 
56780 
57215 
«57649 
-58083 


1.58517 
58952 
59386 
59820 
.60255 


1.60689 
61123 
61555 
61992 
62426 


1.62860 
63295 
63729 
64163 
-64598 


1.65032 
-65466 
-65900 
-60335 
.66769 


1.67203 


-67638 
.6807 2 
-65 506 
68941 


1.69375 
-69809 
7024 


-7067 
-7L112 


1.71546 
71981 
72415 
-72849 
73283 


1.73718 


0.030197 
.029897 
029599 
029305 
029013 


0.028725 
.028439 
.028156 
.027876 
027598 


0.027 324 
.027052 
026783 
026516 
026252 


0.02 5991 
C257 35 
025476 
02522 
024972 


0.024724 
.024478 
024234 
023993 
023754 


0.023518 
023284 
023052 
022823 
022596 


0.022371 
.022148 
.021928 
.021710 
021494 


0.021280 
.021068 
020858 
-020651 
020445 


0.020242 
.020041 
-01984I 
.019644 
019448 


0.019255 
019063 
-018873 
.018686 
.018 500 


0.018316 


5t 


logy o(e”) 


1.73718 
+7 4152 
-74586 
75021 
75455 


1.75889 
-70324 
-76758 
77192 
.77626 


1.78061 
78495 
.78929 
79364 
79798 


1.80232 
.80667 
STIOL 


81535 
81909 


1.82404 
82838 
83272 
83707 
84141 


1.84575 
85009 
85444 
85878 
86312 


1.86747 
87181 
87615 
88050 
88484 


1.88918 
89352 
89757 
90221 
.90655 


1.91090 
91524 
91958 
.92392 
.92827 


1.93261 
193695 
94130 
94504 


94998 . 


1.95433 
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TABLE 19 (continued). 


EXPONENTIAL FUNCTION. 


0.018316 
018133 
017953 
017774 
-017597 


0.017422 
017249 
017077 
.016907 
016739 


0.016573 
.016408 
016245 
016083 


015923 


0.01 5764 
.01 5608 
015452 
01 5299 
015146 


0.014996 
014846 
.01 4699 
014552 
014408 


0.014264 
014122 
.013982 
013843 
.013705 


0.01 3569 
1013434 
.01 3300 
.O1 3168 


.01 3037 


0.01 2907 
012778 


012651 
012525 
.O1240I 


0.012277 
012155 
-012034 
OLIQT4 
011796 


0.011679 
O11 562 
011447 


.011333 
.O11221 


0.011109 


logo(e*) 


1.95433 
-95867 
-90301 
90735 
97179 


1.97604 
.98038 
98473 
-98907 
99341 


1.99775 
2.00210 


.00644 
.01078 
01513 


2.01947 
02381 
.02816 
03250 
03084 


2.04118 
04553 
.04987 
05421 
05856 


2.06290 
.06724 
07158 
07593 
.08027 


2.08461 
.08896 
109330 
109764 
10199 


2.10633 
.11067 
-II SOI 


-11936 
.12370 


2.12804 
.13239 
-13073 
-14107 
-14541 


2.14976 
15410 
15844 
16279 
16713 


2.17147 


0.011109 
010998 
010889 
.010781 
010673 


0.010567 
.010462 
010358 
010255 
010153 


0.010052 
0099 52 
.0098 53 


coe 


0.009562 
009466 
1009372 
1009279 
.009187 


0.009095 
.009005 


S882 


0.007447 
+007 372 
.007 299 


TABLE 19 (continued). 53 


EXPONENTIAL FUNCTION. 


logyo(e”) logio(e~) 


2.17147 : 0.0067 38 
-21490 : -006097 
25833 : 005517 
30170 : 004992 
34519 “4 004517 


2.17147 : 0.0067 38 
17582 : .00667 I 
18016 : .006605 
18450 : -006539 
-18884 : 006474 


wm 


2.38862 : 0.004087 
-43205 ; 003698 
47548 8.8 003346 
«51891 23 .003028 
-56234 . .002739 


2.19319 ‘ Pee 
.197 : é 

rH 5 : .006282 
20622 ~ F .006220 
21056 : .0061 58 


wm 


fon 


2.60577 , 0.002479 
.64920 : 002243 
69263 : 002029 
-736006 ; .0015 36 
77948 : .001662 


2.21490 : 0.006097 
21924 : .006036 
22359 : 005976 


22793 : .005917 
23227 : 005858 


Oo 


2.82291 . 0.001 503 
86634 - -001 360 
90977 ; 001231 
95320 : OOI1I4 
-99663 : .001008 


2.23062 : 0.005799 
24096 ; 005742 
24530 ‘ -00568 5 
24905 : 005628 
-25399 : 005572 


2.25833 : 0.005517 
-26267 A 005462 
-26702 ; .00 5407 
.27136 : 005354 
.27570 d .005300 


3.04006 : 0.00091 2 
.08349 i .00082 5 
-12692 . .0007 47 
17035 : .000676 
-21378 . .OOOOI I 


™“ 


ae 5 0.00 8 

28439 2. 00519 
28873 E .005144 
29307 ; 005092 
29742 Z 005042 


NI 


3-25721 i 0.000553 
-30064 : _ 000500 
-34407 . .0004 53 
+387 50 440. .000410 
-43093 : .00037 I 


ao 


2.30176 ; 0.004992 
-30610 : 004942 
31045 204. 004893 
-31479 . .004844 
31913 : .004796 


3-47436 : 0.000335 
-51779 . 000304 
56121 : 00027 5 
-60464 A .000249 
-64807 447. .000225 


oo 


2.32348 ; 0.004748 
32782 2.2 .00470I 
-33216 : 004654 
33050 : 004608 
+3408 5 i 004562 


3-691 50 J 0.000203 
73493 : .000184 
-77836 6002. .000167 
82179 : -OOOI 51 
86522 : .0001 36 


3.90865 y 0.0001 23 
-95208 : -OOOTI2 
sO055" . .OOOIOI 

4.03894 : .00009I 
.08237 000083 


2.34519 ; 0.004517 
-34953 : -004472 
35388 25. 004427 
-35822 : .004383 
-36256 : 004339 


2.36690 E 0.004296 
37125 ae 1004254 
-37559 . pes 
-3799 : .0041 
3842 ; .004128 


Xe) 


4.12580 - 0.00007 
-16923 E -00006 
-21266 : .000061 


25609 : 000055 
-29952 : 000050 


0 OONOn AWHHO OONOHN AHHHO OBNOnH AwWHHO OBNDH OHH OoONRA hOKHO 


2.38862 : 0.004087 


_ 
Oo 


4. 34294 ; 0.690045 
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54 


° 


° 
CO ONO UsAwnk 


1.0101 
1.0408 
1.0942 


1.1735 
1.2840 


1.4333 
1.6323 
1.8965 
2.2479 
2.7183 


3-3535 
4-2207 
5:4195 
7.0993 
9.4877 


-~ 


= 


= 
COOND UsAWdE 


1.2936 X 10 
1.7993. “ 
275934 
3.0906 
5.4598 


8.2269 
1.2647 X 10 
1.9834 ‘* 
3:1735 
5.1801 


N 


N NS 
OD OND Muawnke 


QD w 


1.4913 X 104 
cagaeleh yy 
5.3637.“ 
1.0482 X 10° 
2.0898 ‘ 


4.2507 ba 
O.S205 mare 
1.8673 X 108 
4.0329 
8.5361 


@ 
COON OD UAwnke 


Po; 


“ 


216755 is 
7igoog Fe 


uw » 
COON OH UAW DN EH 
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1.0142 X 1010 


TaBLe 20. 
EXPONENTIAL FUNCTIONS. 
Value of ex” and e-” and their logarithms. 


2 
log e” 


0.00434 
01737 
03999 
06949 
10857 


0.15635 
21280 
27795 
35178 
43429 


0.52550 
62538 
73396 
85122 
97716 


1.11179 
25511 
40711 
56780 
73718 


1.91524 
2.10199 
29742 
50154 
71434 


2.93583 
3.10001 
40487 
65242 
go865 


4.17357 
44718 
72947 

5.02044 
32011 


5.62846 
94549 
6.27121 
60562 
94571 
7+30049 


66095 
8.03010 


9.18967 
59357 


10.0001 4 


42741 
85736 


2 
log e 


0.99005, 1.99566 
96079 98263 
Ors? 96091 
85214 93051 
77880 89143 


0.69768 1.84365 
61263 78720 
52729 72205 
44486 64822 
30788 50571 


0.29820 1.47450 
23693 37402 
18452 26604 
14056 14878 
10540 02284 


0.77305 X 1071 2.88821 
Beas) 74489 
39164 59289 
27052 43220 
18316 26282 


0.12155 2.08476 
79071 XK 10-4 3.89801 
ROLIO mes 70258 
SietT at 49846 
19305 “ 28566 


OEIO2 3.06417 
68233 X"10—% 4.83399 
39367“ 5951 
22263“ 3475 
(2241 © 09135 


0.67055 X 10-4 552643 
Serban oe 55282 
18644 ‘ 27053 
95402 X 10~6 6.97956 
47851“ 67959 


0.23526“ 6.37154 
tae _ 05451 
53553 X 1078 7.7287 
24796“ 3943 
11254 05129 


8.69951 
~ 32975 
9.96990 
59206 
20554 


0.64614 X 10~® 10.81033 
25494 4 __ 40643 
98505 X 10o—1* 11.99386 
37470. 1s 57259 
TyO00), Ae 14204 


TABLE 21. 
EXPONENTIAL FUNCTIONS. 


E "] . 
Values of @**and@ * and their logarithms. 


T 
—2 


- cL Lu — 
e* log @4* log@ * 


2.1933 0.34109 0.45594 1.65891 
4.8105 68219 20788 ‘ _ 31781 
1.0551 X 10 1.02328 .94780 X 107} 2.97672 
BiStAt is. «* -30438 43214 A 63562 
5.0754 “ ‘70547 -19703 29453 


1.1132 X 102 2.04656 0.89833 X 1072 3:95344 
HAV WU Meath -38766 40955 i 61234 
53549 “ -72875 oe ae 127125 
1.1745 X 10? 3.0698 5 85144 X 1078 4-9301 5 
eG OOn Pan: -41094 -38520 58906 


1 
2 
3 
4 
5 
6 
7 
8 
9 


5.6498 3-7 5203 0.17700 4.24797 
1.2392 X 104 4.09313 : 5-90687 
given 43422 : 56578 
BOLOE |e 77532 , _ 22468 
1.3074 X 105 5-11041 7648 6.58359 


2.8675 “ 5-457 51 6.54249 
652893). (4S 79800 ‘ _+20140 
1.3794 X 108 6.13969 72 7.56031 
Bioasd ee .48079 ; 51921 
COs cOre 82188 : 17812 


TABLE 22, 
EXPONENTIAL FUNCTIONS. 


Vr Vv 
Values df 4 * and @ * ” and their logarithms. 


0.19244 0.64203 
38488 41221 
-57733 -26465 
-76977 16992 
96221 «10909 


1.15465 0.070041 
34709 1044968 
5395 028871 


7319 018536 
92442 .OLIQOI 


2.11686 0.0076408 
30930 0049057 
50174 0031496 
69418 .0020222 
88663 0012983 


3-07907 0.00083355 
27151 .0005 3517 
-46395 ,00034.360 
65639 00022060 
84853 00014163 
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56 TABLES 23 AND 24. 
EXPONENTIAL FUNCTIONS AND LEAST SQUARES. 
TABLE 23.—Exponential Functions. 
Value of ce and e~* and their logarithms. 


“ad log e 


0.98450 1.3956 | 0.14476 
.96923 || L/2| .6487 | Y21715 
93941 || 3/4 | 2.1170 | .32572 
-90484 I 


7183 | -43429 
-89484 || 5/4] 34903 | -54287 


0.88250 || 3/2] 4.4817 | 0.65144 
86688 || 7/4] 5-7546 | .76002 
.84648 227.3890 86859 
81873 || 9/4 | 9.4877 | -97716 
-77880 || 5/2 |12.1825 | 1.08574 


TABLE 24.—Least Squares. 
2 : 
Values of P=—- f, ha ¢—(hx)? d (hx). 


This table gives the value of P, the probability of an observational error having a value posi- - 
tive or negative equal to or less than x when 4 is the measure of precision, P = 7f, = | 
us 


a(x). For values of the inverse function see the table on Diffusion. 


3 


.03384 
-14587 


25502 
-35925 
45689 
-54646 
62705 
-69810 
-7 5952 
81156 


85478 
85997 
.Q1805 
.94002 
95086 


.969 52 
-97854 
98558 
99035 
-99366 


-99591 
99741 | . 
-99839 | - 
-99902 
-99941 
-99965 
-99980 
99989 
-99994 
-99997 
1.00000 


° 


Sow DAHAD HHO OUD AD HHS SON OAG AHH 


=) 


an 


nN 


Fein AR a i eR Ee ne ome es 2 


i) 


@ 


2 
Taken from a paper by Dr. James Burgess ‘on the Definite Integral Y,, 
tended Tables of Values.’ Trans. Roy. Soc. of Edinburgh, vol. xxxix, 1900, p. 257. 
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, Tasie 25. 57 


LEAST SQUARES. 


This table gives the values of the probability P, as defined in last table, corresponding to different values of 
x |r where ¢ is the ‘‘ probable error.’? The probable error 7 is equal to 0.47694 / 4. 


-04840 
10197 
15508 
.20749 
22821 | . : : : 2 25898 


27927 | - +259 «20430 || « . -30953 
-32911 | -33 33 . . . 35835 
“37/90 |) *3°= : . +3902 . 40586 
-42440 | . F : 442 od 45169 
46952 | . aalles all c : -49570 


Bia e N\ie : : =52952 || « -53778 
55404 | . : : 569 : 57702 
-59325 | - : : ; . 01575 
.63032 | .633 . : m || 3 : 65152 
66521 | .668 : : : .68 68510 


.69791 | . : : : : -71648 
-7284I1 | . -734 : : -742 -74567 
STS O7 AME é : -76746 | . -77270 
78291 | . Dl | : . Gi -79701 
.80700 | . t Rod Oc tole ia ee 81828 | .82048 
82907 | . ; 83530 | - 83¢ 84137 
84919 | . 852 : : 858 .86036 
-86745 | - 87088 | . 2 87425 | . 87755 
88395 | - : : - : 89304 
89879 | . : : 90428 | . -go694 
.gt208 | . : : -91698 | . -91935 
92392 | . : : 92828 | . 93035 
93443 | - , : ‘ -93922 | .g4014 
94371 | . : 94627 | . 3 94874 
95033 | - 95187 | - c : : : 95628 


Bl rn 3 9 


-96346 | -97397 | - 98. -98743 | .98962 | .99147 
-99431 | . 99627 | . : : 99848 | . -99905 
-99943 | - -99966 | . 99980 | - : . -99993 


TABLE 26. 
LEAST SQUARES. 


Values of the factor 0.6745 — : 


n—l 
This factor occurs in the equation 7, = o.6r45\| =” for the probable error of a single observation, and other 
4 a) 


similar equations. 


9 


0.3894 0.3016 0.2385 

0.2133] - 1871 8 1742 1590 
SOON) -1406 1349 : 1275 
Pregl) 1174 1140 1094 
-1066 | . -1029 1005 0974 


0.0954 0.0926 0.0909 0.0886 
EOS 7. [lot : .08 50 <O8372) || arc i 0818 
.0806 é 0789] . 20779) lhe : .0764 


.07 54 ‘ 0740] . rove |r : .0719 
0711 : .0699 00028) oc : 0681 
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58 TaBLe 27.—LEAST SQUARES. 


Values of the factor 0.67454 Piet 


- ; “ su? 3 
This factor occurs in the equation 7>= os] a for the probable error of the arithmetic mean. 


TaBLe 28.—LEAST SQUARES. 


Values of the factor 0.04624 git Eady 
n(n—1) 
2 


vu 
This factor occurs in the approximate equation x =0.8453 ( Soo the probable error of a single observation. 
n(m—r 


0.1890 | 0.1543 | 0.1304 0.0996 
0583 | .0546 | .0513] - .0457 
03415) |, .03326)| -OSTOmIa .0297 
0245 || 0288") 'o2320\ Fe .0220 
.o190 | .o186 one 0174 


0.0155 | 0.0152 | 0.0150 0.0145 
Orr] WOTeo”| |.0127 40a .O12 
O1By | .ort2 | orm de .O10 
0100 | .c099 | 0098 | - .0096 
0089 | .0089]} .c088 | . .0086 


TaBLeE 29.—LEAST SQUARES. 


1 
Values of 0.8453—-—— 
nyn—1 


Lv 

- 
This factor occurs in the approximate equation mmm: Par for the probable error of 
u—t 


0.0845 
0.0243] . : .OLSI 
ogo | . i .0069 
0050 | . d ,0041 
0033) | : 0028 


0.0023 0.0021 
01s | . : nea ,0016 
SOOFA) || 4 i 0013 
(OOMZ |e 4 ; .OOTI 
o1o | . : F .0009 
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E ‘TaBLe 30. 59 
| LEAST SQUARES. 
Observation equations: 
ayZy + byzg +... 142%q = Mj, weight p; 
agzy + bezg +... I2Zq = Me. weight pe 
anZj+bnza+... Inzq = Mn, weight pn. 
Auxiliary equations: 
[paa] =piay +peaz +... pnan- 
[pab] = pyajby + P2agbe +... Pnanbn. 
[paM] =piaiMy oa poaeMg pers eawere pnanMe. 
Normal equations : 
[paa]z + [pab]z +... [pal]zq = [paM] 
[pab|zi + [pbb]z +. . - [pbl]zq = [pbM] 
[pla]z1 +[plb]z. +... " [pll]zq = : [pIM]. 
Solution of normal equations in the form, 
z= A;[paM] + By[pbM] + . . . Li[pIM] 
Zz = Ae|paM] + Bo[pbM] + .. . Ls[pIM] 


zq = An[paM] + Ba[pbM] + . . . Ln[p!M], 


weight of zy = pz1 = (Ai)—'; probable error of z; =—— 
A/ Pz 
r 


weight of z. = pz2 = (Bz)—!; probable error of z2 = 


weight of zq = ae (Ln)—}; probable error of zq= 


wherein 
r = probable error et observation of weight unity 


= 0.6745 ae - (gq unknowns.) 


Arithmetical mean, n Ls oma ia 


= v? 8 = 
r =0.6745 a Wi og ee hy (approx.) probable error of ob- 
n—I A/a yy servation of weight unity. 


— 0.8453 2 v. f 
= 0.674 ae approx.) = probable error 
Vn a ae nVn—1 EP bf mean. 


Weighted mean, n observations: 
Zpv v2 
T= 0.6745 \/ — 73 To =n 0.6745 a ee 
Probable error (R) of a function (Z) of several observed quantities z1, zz, . . . whose 


probable errors are pespecty ey, rh fe Aa 
Li (Z1) Zo, + 


em (OPA (ZY be 


Examples : 
Z=mytw+... aa eee ay el Reece 


Pe Az, eS tieg 2's R? =A? 1? + Brj+.. 


Z = 72, Ze. 7) te 1 Ze ake 
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60 TaBLe 31. 
DIFFUSION. 


= 2 ee 
Inverse * values of v/c=1~— ve f, eV dg. 


log x = log (2g) +log~/#z. ¢ expressed in seconds. 
= log 6+ log,/Az. ¢ expressed in days. 
= log y + log \/kéz. “s “ years, 
&= coefficient of diffusion.t 
¢ = initial concentration. 
v =concentration at distance x, time 4 


log 29 log 6 log y 


+n +0 ioe) 
0.56143 3.02970 4.31098 
51719 2.98545 26074 
-48699 95525 -23054 
-46306 | 2. 93132 21201 
0.44276 2.91102 4.19231 
42486 89311 -17440 
.40865 87691 15820 
ROB 72 uiaze 86198 -14327 
-37979 84804 -12933 
0.30664 2.83490 4.11619 
35414 82240 .10369 
34218 81044 09173 
-33067 79893 .08022 
31954 | 2. .78780 -06909 
0.30874 2.77699 4.05828 
29821 -76647 .04776 
-28793 75619 03748 
27780 -74612 02741 
.26798 73624 01753 
0.25825 2.72651 4.00780 
.24866 -7 1692 3.99821 
-23919 :70745 98874 
22983 | I. .69808 97937 
.22055 .68880 97010 
0.21134 2.67960 3.96089 
.20220 ‘67046 95175 
19312 66137 -94266 
.18407 .65232 93361 
17505 .64331 .92460 
0.16606 2.63431 3.91 560 
-15708 62533 .g0062 
.14810 .61636 89765 
13912 .60738 88867 
-13014 -59840 87969 
0.12114 2.58939 3.87068 
-IT201 -58037 86166 
10305 57131 85260 
.09396 56222 84351 
08482 -55308 83437 
0.07 563 2.54389 3.82518 
.06039 53464 81593 
05708 52533 80662 
04779 -51595 79724 
03824 -50050 .78779 
0.02870 2.49696 3.77825 
.O1907 48733 -76862 
.009 34 -47760 .75889 
9.99951 -46776 3 74905 
-98956 45782 73911 
9:97949 2.44775 3-72904 


+ Kelvin, Mathematical and Physical Papers, vol. III. p. 428; Becker, Am. Jour. 
of Sci. vol. III. 1897, p. 280. * For direct values see table 24. 
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log 2g 


9.97949 


9.92704 
-91607 
90490 
89354 
88197 


9.87018 
85815 
84587 
83332 
82048 


9.80734 
79388 
-78008 
-76590 
75133 


9.73634 
-72089 
79495 
68849 
-67146 


9.65381 
-63550 
.61646 
-59662 


-57590 


955423 
-53150 
50758 
48235 
-45504 


9.42725 
-39695 
-36445 
32940 
-29135 


9.24972 
-20374 
15239 
09423 

9.02714 


8.94783 
85082 
72580 
54965 
-24559 


—eo 


TABLE 31 (continued Je 


2g 


0.95387 
93174 
90983 
88813 
86665 


0.84536 
82426 
80335 
-78260 
.76203 


0.74161 
72135 
-70124 
68126 
66143 


0.64172 
62213 
.60266 
58331 
50407 


0.54493 
52588 
-50694 
.48808 
-40931 


0.45062 
.43202 
41348 
-39502 
-37662 


0.35829 
34001 
-32180 
30363 
28552 


.26745 


.24943 


23145 
21350 
9559 


“17771 
15986 
14203 
12423 
-10645 


0.08868 
.07093 
05319 
03545 
01773 


0.00000 
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DIFFUSION. 
log § 


2.44775 
43755 
42722 
-41674 
.40610 


2-39530 
38432 
37316 
36180 
35023 


2.33843 | 
-32640 
31412 
30157 
.28874 


2.275600 
.26214 
-24833 
23416 
21959 


20459 
-ISQIS 
17321 
15675 
13972 


.12207 
10376 
.08471 
.06487 
.04416 


-02249 
99975 
97 584 
95001 
92389 


89551 
86521 
83271 
-79766 
-75961 


71797 
.67200 
62065 
-56249 
-49539 


61 


62 TaBLE 32. 
CAMMA FUNCTION.* 


o 
Value of log i e720" dx +10. 
0 


~ 
Values of the logarithms + 10 of the ‘f Second Eulerian Integral ’’ (Gamma function) e-*zx"ldx 0 log T'(n)-+10 
for values of 2 between 1 and 2. When x has values not lying between 1 and 2 ie value of the fi nction can be — 
readily calculated from the equation I'(z+1) = wI\(u) = n(z—1) . . . (u—r)I(u—7). 

n Oo 1 2 3 4 5 6 7. 8 9 
1.00 | 9.99 —— | 97497 | 95001 | 92512 | 90030 | 87555 | 85087 | $2627 | 80173 | 77727 
1.01 75287 | 72855 | 70430 | 68or1 | 65600 | 63196 | 60798 | 58408 | 56025 | 53648 
1.02 51279 apote ee 44212 are 3953 37207 | 34886 32572 30205 
1.03 27964 | 25671 | 23384 | 21104 | 18831 | 16564 | 14305 | 12052 | 09806 | 07567 
1.04 05334 | 03108 | 00889 | 98677 | 96471 | 94273 | 92080 | 89895 | 87716 | 85544 
1.05 | 9.9883379 | 81220 | 79068 | 76922 | 74783 | 72651 | 70525 | 68406 | 66294 | 64188 
1.06 62089 | 59996 | 57910 | 55830 | 53757 | 51690 | 49630 | 47577 | 45530 | 43489 
1.07 41455 | 39428 | 37407 | 35392 | 33354 | 31382 | 29387 | 27398 | 25415 | 23439 
1.08 21469 | 19506 | 17549 | 15599 | 13055 | 11717 | 09785 | 07860 | 05941 | 04029 
1.09 02123 | 00223 | 98329 | 96442 | 94561 | 92686 | 90818 | 88956 | 87100 | 85250 
1.10 | 9.9783407 | 81570 | 79738 | 77914 | 76095 | 74283 | 72476 | 70676 | 68882 | 67095 
III 65313 | 63538 | 61768 | Gooos | 58245 | 56497 | 54753 | 53014-| 51281 | 49555 
112 47834 | 46120 | 44411 | 42709 | 41013 | 39323 | 37638 | 35960 | 34288 | 32622 
Tes 30962 | 29308 | 27659 | 26017 | 24381 | 22751 | 21126 | 19508 ' 17896 | 16289 
1.14 14689 | 13094 | 11505 | 09922 | 08345 | 06774 | 05209 | 03050 , 02096 | 00549 
1.15 | 9.9599007 | 97471 | 95941 | 94417 | 92808 | 91386 | 89879 | 85378 | 86883 | 85393 
1.16 83910 | 82432 | 80960 | 79493 | 78033 | 76578 | 75129 | 73086 | 722 70316 
1.17 69390 | 67969 | 66554 | 65145 | 63742 | 62344 | 60952 | 59566 | 55185 | 56810 
1.18 55440 | 54076 | 52718 | 51366 | 500rg | 48677 | 47341 | 40011 | 44637 | 43368 
1.19 42054 | 40746 | 39444 | 35147 | 36856 | 35570 | 34290 | 33016 | 31747 | 30483 
1.20 | 9.9629225 | 27973 | 26725 | 25484 | 24248 | 23017 | 21792 | 20573 | 19358 | 18150 
1.21 16946 | 15748 | 14556 | 13369 | 12188 | Iforr | 09841 | 08675 | 07515 | 06361 
laze 05212 | 04068 | 02930 | 01796 | 00669 | 99546 | 98430 | 97318 | 96212 | O5III 
Tez 594015.| 92925 | 91840 | 90760 89685 | 88616 | 87553 | 86494 | 85441 | 84393 
1.2 83350 | 82313 | 81280 | 80253 | 79232 | 78215 | 77204 | 76198 | 75197 | 74201 
1.25 | 9.9573211 | 72226 | 71246 | 70271 | 69301 | 68337 | 67377 | 66423 | 65474 | 64530 
1.26 63592 | 62658 | 61730 | 60806 | 59888 | 58975 | 58067 | 57165 | 56267 | 55374 
1.2 54487 | 53604 | 52727 | 51855 | 50988 | 50126 | 49268 | 48416 | 47570 | 46728 
1.28 45591 | 45059 | 44232 | 43410 | 42593 41782 | 40975 | 40173 | 39376 | 38585 
1.2 37798.| 37016 | 36239 | 35467 | 34700 | 33938 | 33181 | 32429 | 31682 | 30940 
1.30 | 9.9530203 | 29470 | 28743 | 28021 | 27303 | 26590 | 25883 | 25180 | 24482 | 23789 
1.31 23100 | 22417 | 21739 | 21065 | 20395 | 19732 | 19073 | 18419 | 17770 | 17125 
eye) 16485 | 15850 | 15220 | 14595 } 13975 | 13359 | 12748 | 12142 | 11541 | 10944 
K-33 10353 | 09706 | 09184 | 08606 | 08034 | 07466 | 06903 | 06344 | 05791 | 05242 
1.34 04698 | 04158 | 03624 | 03094 | 02568 | 02048 | 01532 | O102I | 00514 | CoOI2 
1.35 | 9.9499515 | 99023 | 98535 | 98052 | 97573 | 97100 | 96630 | 96166 | 95706 | 95251 
1.36 94800 | 94355 | 93913 | 93477 | 93044 | 92617 | 92194 | 91776 | 91362 | 90953 
1.37 90549 | 90149 | 89754 | 89363 | 88977 | 88595 | 88218 | 87846 | 87478 | $7115 
iaels) 86756 | 86402 | 86052 | 85707 | 85366 | 85030 | 84698 | 84371 | 84049 | 83731 
1.39 83417 | 83108 | 82803 | 82503 | 82208 | 81916 | 81630 | 81348 | 81070 | 80797 
1.40 | 9.9480528 | 80263 | 80003 | 79748 | 79497 | 79250 | 79008 | 78770 | 78537 | 78308 
1.41 78084 | 77864 | 77648 | 77437 | 77230 | 77027 | 76829 | 76636 | 76446 | 76261 
1.42 76081 | 75905 | 75733 | 75505 | 75402 | 75243 | 75089 | 74939 | 74793 | 74652 
1.43 74515 | 74382 | 74254 | 74130 | 74010 | 73894 | 73783 | 73676 | 73574 | 73476 
1.44 73382 | 73292 | 73207 | 73125 | 73049 | 72976 | 72908 | 72844 | 72784 | 72728 


* Legendre’s Exercises de Calcul Inteégral,’’ tome ii. 
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1.50 
1.51 
1.52 
1.53 
1.54 


1.55 
1.56 
Te57 
1.58 
1.59 


1.60 
1.61 
1.62 
1.63 
1.64 


1.65 
1.66 
1.67 
1.68 
1.69 


1.70 
1.71 
W792 
1.73 
1.74 


175 
1.76 
1.77 
1.78 
1.79 


1.80 
1.81 
1.82 
1.83 
1.84 


1.85 
1.86 
1.87 
1.88 
1.89 


1.90 
1.91 
1.92 
1.93 
1.94 


1.95 
1.96 
red 
1.98 
nO9 


9.947 2677 
72397 
72539 
73097 
740608 


9-947 5449 | 


77237 
79426 
82015 
84995 


9.9488 374 
92139 
96289 

500822 
05733 


9.9511020 
16680 
22710 
29107 
35867 


9.9542989 
50468 
58303 
66491 
75028 


9-9583912 
93141 
602712 
12622 
22869 


9-9633451 


9.9691287 
703823 
16678 
29848 
43331 


9.97 57126 
71230 
85640 

800356 
15374 


9.9830693 
46311 
62226 
78436 
94938 


9.99117 32 
28815 
46185 
63840 
81779 


72630 
72393 
72576 
73175 
74188 


75610 
A Sale 
79067 
82295 
85318 


88733 
92587, 
90725 
01296 
06245 


11569 
17267 
e3os3 
29766 
36563 


43721 
51236 
59106 
67329 
75901 


84820 
94083 
03688 
13632 
23912 


34527 
45473 
56749 
68351 
80277 


92526 
05095 
17951 
31182 
44697 


58522 
72057 
87098 
01844 
16893 


32242 
47890 
63834 
80073 
96605 


13427 
39539 
47937 
65621 
83588 
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63 


64 TaBLe 33, 
ZONAL SPHERICAL HARMONICS.* 


oO OM ON WN O 


+ 0.24 

+ woe 
+ .0961 
+ .0248 
—) 2433 


— 0.1072 
1664 
.2202 


— 0.3740 
3924 
4053 
.4127 
4147 


— 0.4114 
-4031 
-3898 
+3719 
+3497 


— 0.3190 |—0.4197 | — 0.3236 
3416 4181 2939 
3616 .4128 2610 
3791 .4038 2255 
3940 3914 1878 


aren os ol 


~ ous — 0.3757. | — 0.1484 


415 3508 |— .1078 
4227 +3350 0665 
4270 23105 0251 
-4286 2836 .O161 


— 0.4275 |—0.2545 | + 0.0564 


* Calculated by Mr. C. E. Van Orstrand for this publication. 
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a TABLE 33 (continued). 6 5 


ZONAL SPHERICAL HARMONICS. 


P, 


me | ef eS 


+ 0.1198 
0941 
.0686 
0433 
0182 


— 0.0065 
.0310 
0551 
“O88 
1021 


— 0.1250 
1474 
-1694 
-1908 
2117 


— 0.2321 
251 
2710 
2895 
3074 


— 0.3245 


— 0.5000 
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CYLINDRICAL HARMONICS OF THE OTH AND ist ORDERS 


Values when m = 0 and 1 of the Bessel function Jn (x) 


a" x4 


~ 39D (n +1) 


x 
{x ~ 32 (n +1) 


Js (x) : 


Jo(x) Ji (x) Ji (x) x 


unity zero .938470] .242268)|1 .00 
-999975] .005000 .936024| .246799]| .Or 
999900] .o10000 933534] -251310|| .02 
:999775] 014998 -930998} .255803]/ .03 
999600} .019996 .928418] .260277|| .04 


-999375| 024992 .925793| .264732/|L .05 
-Q9Q100] .029987 .923123| .269166}| .06 
-998775] 034979 1920410] .273581 
-998401} .039968 +91 7052! .277975 
997976] 044954 .914850] .282349 


.286701 
291032 
.295341 
.299628 


.303893 


.049938 
054017 
.059892 
.064863 
.069829 


-997502 
-996977 
:996403 
995779 
-995106 


.QI 2005 
.QOg116 
.Q05184 
.903 209 
.QOOIg2 


308135 
312355 


897132 
.894029 


.074789 
.079744 


994383 
.993010 


.992788] .084693 .890885] .316551 
-Q91Q16] .089636 .887608] .320723 
-990995} -094572 .884470| .324871 


.881201 
.877890 
874539 
871147 
.867715 


.328996 
-333096 
-337170 
-341220 
345245 


-990025 
.989005 
-987937 
.986819 
.985052 


.0QQ501 
.104422 
.109336 
.II4241 
.119138 


.864242 
.860730 
857178 
853587 
-849956 


846287 
.842580 
838834 
-835050 
.831228 


.124026 
.128905 
-133774 
.138632 
-143481 


340244 
353216 
-357163 
.361083 
-364976 


368842 
.372681 
.376492 
+380275 
384029 


-984436 
.983171 
.981858 
.9804096 
-979085 


.148319 
.153146 
157961 
.162764 
167555 


.977026 
.976119 
974563 
-972960 
-971308 


-387755 
.391453 
.395121 
.398760 
.402370 


827369 
823473 
819541 
815571 
8115605 


.969609 
:967861 
.966067 
.964224 
+902335| 


.960398 
958414 


172334 
.177100 
.181852 
.186591 


ew 


.807524 
803447 


.196027 
2007 23 


405050 
-409499 


-956384| .205403 -799334| -413018 
-954306| .210069 -795186| .416507 
-952183] .214710 :791004| .419965 


-950012 .219353 -786787] 423392 
947796] .223970 +782536| .426787 
-945533| -228571 »778251| .430151 
1943224] .233154 :773933| -433483 
.940870] .237720 -769582| .436783 
.938470| .242268}/1 .00| .765198] .440051/||1 .60 
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2tel(n+1)(n+2)° °° 


b 


Jo (x) 


.765198] . 
.760781| . 
-750332| - 
751851] . 


Ji (x) = —Jo' (x) = 


Ji (x) 


+747339| - 


-719022 
-714898 
-710146 
-795365 
+700556 


.695720 
-690856 
-685965 
.681047 
.676103 


671133 
.666137 
661116 
.656071 
.65 1000 


-645906 
640788 
-635647 
.630482 
625295 


.620086 
.614855 
.609602 
.604329 
599034 


593720 
588385 
583031 
577658 
-572266 


.566855 
561427 
+555981 
550518 
545038 


539541 
+534029 
.5 28501 
.522058 
517400 


511828 


-742796} . 
738221] . 
.733016] . 
.728981| . 
-724316] . 


470902 
.473800 
.476663 
-479491 
482284 


485041 
487763 
-490449 
-493098 
495712 


.498289 
500830 
593334 
-505801 
.508231 


.510023 
-512979 
-515206 
517577 
.519819 


522023 
524189 
-520317 
.528407 
-530458 


-532470 
534444 
-536379 
-538274 
-540131 


-541948 
543726 
545404 
.547162 
548821 


+550441 
552020 
553559 
+555059]| - 
-556518]| .99 


-557937||2 .00 


.511828 
.506241 
500642 
.495028 
489403 


483764 
478114 
472453 
.466780 
461096 


455402 
.44.9698 
-443985 
438262 
432531 


.426792| . 
421045] . 
415290] . 
409528] . 
403760] . 


-369033] - 
.363220] . 
357422] . 
-351613] . 
345801] . 


-339986 
-334170 
.328353] . 
+322535 . 
.316717] . 


.281819 
.276008 
-270201 
-264397 
258596 


252709 
24.7007 
.241220 
.235438 
.229661 


dJo(x) | 
dx 


Jo (x) Ji (x) 


557937 |f 
559315 
+560653 | 
561951 | 
563208 | 


564424 | 
565600 
-506735 || 
-567830 
568883 || 


-569896 | 
-570868 | 


571798 |f 
.572688 


573537 | 


-397985| - 
392204] . 
.386418] . 
.380628] . 
-374832| . 


1581517 | 
581666 | 


.310808} . 
-305080] . 
-299262] . 


-293446 
.286631 


581557 
581377 


581157 | 
580896 
+580505 
.580252 
-579870 


579446 
-578983 
5784789 
577934 
577349 | 


.223891 


576725 


¥ TABLE 34 (continued). 67 
CYLINDRICAL HARMONICS OF THE oTH AND 1st ORDERS. 


Ji (2) = —Jo’ (x). Other orders may be obtained from the relation, Jn41(x) = = In(x) — Jn-1(2). 
Jun(x) = (—1)"Jn (x). 


Jo(x) Ji (x) x Jo(x) Ji(x) x Jo (u) Ji (x) x Jo (x) Ji (x) 


.223891|.576725||2.50|—.048384].497094||3.00|—.26005 2].339059||3.50/—.380128| .137378 
.218127|.576060]| .51/—.053342].494606]|| .o1/—.263424].335319]| .51/-.381481| .133183 
.212370].575355|| -52|—-058276].492086]| .02|—.266758}.331563]| .52|—.382791| .128989 
.206620].574611]] .53|/—.003184|.489535]] .03/—.270055].327789]| .53|—-384060] .124795 
.200878].573827|| .54/—.068066|.486953]| .04|/—-.273314].323998]| -54/—-385287] .120601 


.195143]|.573003||2.55|—.072923|.484340]|3.05/—.276535].3201091||8.55|—.386472] .116408 
.189418] 572130|| .56|—.077753]-481696|| 06/—.279718|.316368]| .56/—.387615| .112216 
.183701|.571236|| .57|—-082557|.479021|| .07|—.282862].312520]| .57|—-.388717] .108025 
-177993|-570294|| .58|—.087333|.470317|| .08|—.285968].308675]| .58|—.389776] .103836 
.172295|.569313|| -59|—.092083].473582|| .09|—.289036|.304805]| .59/—-390793| .099650 


.166607|.568292||2.60|—.096805|.470818||3.10/—.292064].300921||8.60|—.391769] .095466 
.160929].567233|| -61/—.101499|.468025|| .11|—.295054|.297023|| .61|—.392703| .091284 
.155262|.566134|| .62/—.106165].465202|| .12|—.298005].293110|| .62|—.393595| -087106 
-149607].564997]} .63|—.110803].462350|| .13|—.300916].289184|| .63|—.394445| .082931 
-143963|.503821|| .64/—.115412].459470|| .14|—.303788].285244]| .64/—.395253| .078760 


.138330].562607||2.65|—.119992|.456561||3.15|—.306621].281291|/3.65|—.396020] .074593 
-132711|.5601354|| .66/—.124543].453025]| .16/—.309414|.277326]| .66/—.396745| .070431 
-127104].560063]] .67/—.129065|.450660]|| .17|—.312168].273348]| .67|-.397429| .066274 
-121509].558735|| -68|—.133557|-447668]| .18|—.314881].269358]| .68|—.398071] .o62122 
»115920}.557308|| -69/—.138018].444648]| .19/—.317555|.265356|| -69/—.398671| .057975 


.110362|.555963||2.70|—.1424409}.441601||3.20|—.320188].261343//3.70|—.399230] .053834 
-104810|.554521|| .71|—-146850].438528]| .21/—.322781].257310|| .71/—-399748] .049699 
.099272].553041|| »72|—.151220|.435428]| .22/—.325335].253284|| .72/—.400224] .045571 
:093749]-551524|| -73|—-155550|.432302|| .23|—.327847|.249239]| .73|—--400659| .041450 
.088242|.549970]| .74/—.159866].429150|| .24/—.330319].245184]|| .74/—.401053] .037336 


.082750].548378||2.75|—.164141].425972||3.25|—.332751|.241120]|3.10|—.401406] .033229 
.077274]|.546750|| .76|/—.168385].422769]| .26/—.335142|.237046]] .76/—.401718] .029131 
-071815].545085]| -77|—-172597|-419541|| .27|-.337492|.232063]| -77|—-401989| .025040 
.066373|-543384|| .78|—.176776].416288)| .28|—.339801].228871|| .78]—.402219] .020958 
.060947|.541646]| .79|—.180922|.413011|| .29|/—-.342069].224771|| .79/—-402408] .016885 


055540].539873||2.80|—.185036|.409709||/3.30|—.34.4296].220663||3.80/—.402556] .o12821 
.050150|.538063|| .81]—.189117|.400384]| .31/—.346482].216548]| .81]—.402664| .008766 
.044.779|.536217|| .82|—.193164].403035|| .32/—-.348627].212425|| .82/—.402732] .004722 
.039426|.534336]| .83/—.197177|-399062|| .33/—.350731].208296|| .83|—.402759] .000687 
-034092|.532419|| .84/—.201157].396267]| .34|—.352793].204160]| .84|—.402746|—.003337 


.028778].530467||2.85|—.205102!.392840|/3.35|—.354814].200018]/3.85|—.402692/—.007350 
.023483|.528480]| .86/—.209014].389408]| .36/—.356793|.195870]| .86/—.402599|—.011352 
.018208].526458]| .87|—.212890}.385945]| .37/—--358731|.191716]| .87/—.402465|/—.015343 
.012954]|.524402|| .88|—.216733].382461|| .38|—.360628].187557]| .88|—.402292|/—.019322 
.007720|.522311|| .89/—.220540].378955]| .39/—.362482].183394|| .89/—.402079|—.023289 


.002508].520185]|2.90|—.224312|.375427||3.40|—.3642096|.179226]|3.90|—.401826/—.027244 
41|—.002683]|.518026]| .o1|—.228048].371879|| .41|—.366067).175054|| .91|—.401534|—.031186 
-42|—.007853].515833]| .92|—.231740|.308311|| .42|—.367797|.170878]| .92/—.401202|—.035115 
-43|/—.013000].513606]] .93/—.235414|.364722]| .43|/—.3690485].166699]| .93|/—.400832|—.039031 
-44|—.018125|.511346]] .94/—.230043].361113]| .44/—.371131|.162516]| .94|—.400422|~—.042933 


2.45|—.023227|.509052||2.95|—.242636|.357485||3.45|—.372735|.158331||3.95|—.399973|—-.046821 
.46|—.028306].506726]| .96|—.246193|.353837|| -46/-.374207|.154144|| .96|—.399485|/—.050695 
-47|—.033361|.504366]| .97/—.249713|.350170|| .47|/—-375818].149954]| .97/—-398959|—-054555 
-48)—.038393].501974]| .98|/—.253106].346484|| .48|—.377296|.145703]| .93/—.398304|—.058400 
-49|—.043401|.499550]| .99|—.256643].342781]| .49|—.378733]-141571|| -99|—.397791|—.062229 


2.50|—.048384}.497094| |8.00|—. 26005 2|.339059||3.60|—.3801 28.13 7378||4.00|—.397150| .066043 
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68 TABLES 35-36. 
CYLINDRICAL HARMONICS OF OTH AND ist ORDERS. 


TABLE 35. — a nea for x= 4.0 TABLE 36. — Roots. 
to . . 


(a) 1st 10 roots of Jo(x) = 0 


; Higher roots may be calculated to better 
Jou) | Jute) || % | Jom) | J’) than 1 part in os by the approximate 
formula 

Re = Ried +7 

Ri = 2.404826 

Rz = 5.520078 

R; = 8.653728 

Ry = 11.791534 

Rs = 14.930918 

Rs = 18.071064 

R; = 21.211637 

Rs = 24.352472 

Ry = 27.493479 

Rio = 30.634606 


(b) st 15 roots of Ji(x) = Aleta) =0 


with corresponding values of maximum or 
or minimum values of Jo(x). 


No. of 
root (n) 


Root = #n. Jo(xn). 


5 
6 
“7 
8 
9 
fa I .831706 — .402759 
I 2 .O15587 +.300116 
2 5 3 173468 — 249705 
3 : 4 . 323692 +.218359 
a ie) 5 -4706030 — 196465 
a 6 .615859 +.180063 

5 fe 7 . 760084 —.167185 
4 e 8 .903672 +.156725 
3 : 9 .046829 —.148011 
; ‘3 . 189680 +.140606 
“9 nt 332308 —.134211 
ie) -0047)|12.5 .474766 +.128617 
= .0252|| .6 .617094 — .123668 
2 -0543 “7 - 759319 +.119250 
3 .0826||  .8 .QO1461 —.115274 
4 -1096]| .9 
35) .1352||/13.0 : - 
.6 -T592]| «2 Higher roots may be obtained as under (a). 
7 SEGUSI tera Notes. y=J,(x) is a particular solu- 
8 .2014|| .3 tion of Bessel’s ae 
9 20G2)|\) wed: Pe) 
ws 2346] (13.5 ey eD4 + (?- n*)y=0. 
i. ae . The general a for Jn(x) is 
“3 2657/1 .o (—1) nts 
4 .2708|| .9 Jn(x) = Dares TT 
5 .2731||14.0 or 
.6 .2728|| .1 0, (—1)%untte 
: 26 : TERR LS Sa 
¢! ae 2 Sa 204205! (n+ s)l 
9 -2559|| «4 when x is an integer and 
14 2453/14. 5 Inui(x) = In(e) — Jra(x), 
.I|- .2324|| .6 ena 
.2|— .2T74|| 27 J dla) 
.3/- .2004|| .8 (x) = a 
-4|-.1768| .1816||_.9 Tals) = CDI). 

9-5)— -1613]|15.0/—.0142| . Tables 35 to 36 are based upon Gray and 


Matthews’ reprints from Dr. Meissel’s 
tables. See also Reports of British Associa- 
tion, 1907-1916. 
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al TaBLe 37. 69 
ELLIPTIC INTEGRALS. 
| Values of { z(1— sin? @ sin? ¢)t? dé. 


This table gives the values of the integrals between o and 7 /2 of the function (1—sin2@sin?¢)** d for different val- 
ues of the modulus corresponding to each degree of @ between o and go. 


™ “Tr 7 T 
ee 3(1—sin%@sin®p)*dp : ; ae 2 (1—sin2@sin2b)*dp 
8 0 (1—sin2 sin? $)3 9 (x—sin*@ sin? $)? 0 


Number. Log. 5 = Number. Log. Number. Log. 


0.196120 | 1. 0.196120 1.8541 | 0.268127 | 1.3506 | 0.130541 
196153 196087 8691 271644 | 3418 127690 
196252 195988 8848 275267 | 3329 124788 
196418 195822 goll 279001 3238 121836 
1906649 195591 g180 282848 | 3147 118836 


0.196947 | TI. 0.195293 1.9356 |0.28681I } 1.3055 | 0.115790 
197312 194930 9539 | 290895 | 2963 112698 
197743 194500 9729 295101 2870 109563 
198241 194004 9927 | 299435 | 2776 | 106386 
198806 193442 2.0133 303901 103169 


0.199438 | 1. 0.192815 2.0347 | 0.308504 | 1. 0.099915 
200137 192121 0571 313247 096626 
200904 191 362 0804 318138 093303 
201740 190537 1047 323182 089950 
202643 189646 1300 328384 086569 


0.203615 |r. 0.188690 2.1565 | 0.333753 |1. 0.083164. 
204657 187668 1842 | 339295 079738 
205768 186581 2132 | 345020 076293 
200948 185428 2435 350936 072834 
208200 184210 2754 | 357053 069364 


0.209522 | 1. 0.182928 2.3088 | 0.363384 |1. 0.065889 
210916 181580 3439 | 369940 062412 
212382 180168 3809 | 376736 058937 
213921 178691 4198 | 383787 055472 
215533 177150 4610 | 391112 052020 


0.217219 |I. 0.175545 2.5046 | 0.398730 I. 0.048589 
218981 173576 5507 | 406665 045183 
220818 172144 5998 414943 041812 
222732 170348 6521 423596 038481 
224723 168489 7081 432660 035200 


0.226793 | I. 0.166567 2.7681 | 0.442176 0.031976 
228943 164583 8327 452196 028819 
231173 162537 9026 462782 025740 
233485 160429 9786 | 474008 022749 
235880 158261 3.0617 | 485967 019858 


0.238359 | 1.4323 | 0.156031 3-1534 | 0.498777 0.017081 
240923 153742 2e53 512591 014432 
243575 151393 3099 | 527613 O11927 
246315 148985 5004 | 544120 009584 
249146 146519 6519 562514 007422 


0.252068 ] 1. 0.143995 3.8317 | 0.583396 0.005465 
255085 141414 4.0528 607751 003740 
255197 138778 3387 | 637355 002278 
201 406 68 136086 7427 | 676027 OOII2I 
264716 133340 5-4349 | 735192 000326 


0.268127 | I. 0.130541 oo co 
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70 TABLE 38. 
MOMENTS OF INERTIA, RADII OF GYRATION, AND WEIGHTS. 


In each case the axis is supposed to traverse the centre of gravity of the body. The axis is 
one of symmetry. The mass of a unit of volume is zw, 


Body. Axis. Weight. Moment of Inertia Io. dius of Gyra- 
tion p>. 
8 ye) 2 
Sphere of radius + Diameter seer ole a 
3 15 5 
Spheroid of revolution, po- 4rwav? eae art 
lar axis 2a, equatorial di- | Polar axis eos 
ameter 27 3 a5 5 
21 2 2 
Ellipsoid, axes 2a, 24, 2¢ Axis 2a area sua") at 
Spherical shell, external ra- | ,,. 4nv(7>—r'8) 8xzw(r5—r’5) 2A) 
dius 7, internal 7’ sai ee 3 15 5(77—r’) 
Ditto, insensibly thin, ra- |... - Sawrtdr 2r2 
dius r, thickness dr ; Diameter 4mwr'dr 3 “3 
Circular cylinder, length 2a, | Longitudinal 7 
radius 7 : axis 2a anwar? mart 2 
Elliptic cylinder, length 2a, | Longitudinal h mwabc(b2-+-c2) B42 
transverse axes 26, 2c axis 2a 2mwauce 2 4 
Hollow circular cylinder, eee 2A yl2 
length 2a, external ra- Laney edie amwa(r*—r!?) wwa(r4+—r'4) — 
dius 7, internal 7’ Bees 5 
Di oinseeen ly thin, thick- Le 4mwardr 4nwarsdr rv 
Circular cylinder, length 2a, | Transverse 2 mivar?(372-+ 4a?) ni @ 
radius 7 diameter ca ; 6 4 
4-3 
Elliptic cylinder, length 2a, | Transverse mwabe(3c°-+-4a*) ey 
transverse axes 2a, 26 ; axis 20 2rwabe (ya 4 oe 3 
Bes circular ee Transverse 9 mwa mua {3 3(rA—r') y2tyl2 2 
ength 27, external ra- diameter 2TWA\7"—r eee, — 
dine 7, internal 7’ aati! ae 4 3 
. . . * . S ‘ 2 2 
panera thin, thick ae aweanae mea(ar24-4o%r)dr = ¢ 
Rectangular prism, dimen- 5 8wabe(6?+-c? B42 
a oR i Axis 2a Swadbe : a + 
Rhombic prism, length 2a : 2wabc(b?+-c2) B42 
diagonals 2é, 2c z ’ | Axis 2a 4wabe 3 6 
OW yy: oF eee 
Ditto Diagonal 24 4wabe settee 4 > 


Square of Ra- 


(Taken from Rankine.) 


For further mathematical data see Smithsonian Mathematical Tables, Becker and Van Orstrand — 


(Hyperbolic, Circular and Exponential Functions); Functionentafeln, Jahnke und Emde (xtgx, 
ae Roots of uid eck Equations, a + bi and re®, Exponentials, Hyperbolic Functions, 
Be du, Fresnel Integral, 


84 
sin % u cos # e 
u, 
u 
Co 


vi 7 ee, Pearson Function e-37” 


0 Qo 
and Cylindrical Functions, etc.). For further references see under Tables, Mathematical, in the 
11th ed. Encyclopedia Britannica. See also Carr’s Synopsis of Pure Mathematics and Mellor’s 
Higher Mathematics for Students of Chemistry and Physics. 
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Gamma Function, Gauss Integral 


Tv 
sin” evzdx, Elliptic Integrals and Functions, Spherical 


TABLE 39. 


INTERNATIONAL ATOMIC WEIGHTS. 


VALENCIES. 


71 


The International Atomic Weights are quoted from the report of the International 
Committee on Atomic Weights (Journal American Chemical Society, 44, 427, 1922). 


Substance, 
« 


Aluminum 
Antimony 
Argon 
Arsenic 
Barium 


Bismuth 
Boron 
Bromine 
Cadmium 
Cesium 


Calcium 
Carbon 
Cerium 
Chlorine 
Chromium 


Cobalt 
Columbium 
Copper 
Dysprosium 
Erbium 


Europium 
Fluorine 
Gadolinium 
Gallium 
Germanium 


Glucinum 
Gold 
Helium 
Holmium 
Hydrogen 


Indium 
Todine 
Iridium 
Iron 
Krypton 


Lanthanum 
Lead 
Lithium 
Lutecium 
Magnesium 
Manganese 


Symbol. 


Relative 
atomic wt. 
xygen=16, 


27.0 
120.2 

39-9 

74-96 
137.37 


209.0 
10.9 
79-92 

112.40 

132.81 


40.07 


Valency. 


iS) 
- 


yA © 1G) Ca Ca 


HW On 


- 


OPE ny 


cs) 


io) 


Substance. 


Symbol. 


Relative 
atomic wt. 
Oxygen=16. 


Mercury 
Molybdenum 
Neodymium 
Neon 
Nickel 

[ation) 
Niton (Raeman- 
Nitrogen 
Osmium 
Oxygen 
Palladium 


Phosphorus 
Platinum 
Potassium 
Praseodymium 
Radium 


Rhodium 
Rubidium 
Ruthenium 
Samarium 
Scandium 


Selenium 
Silicon 
Silver 
Sodium 
Strontium 


Sulphur 
Tantalum 
Tellurium 
Terbium 
Thallium - 
Thorium 


Thulium 
Tin 
Titanium 
Tungsten 
Uranium 


Vanadium 
Xenon 
Ytterbium 
Yttrium 
Zinc 
Zirconium 


200.6 
96.0 
144.3 
20.2 


58.68 


222.4 
14.008 

190.9 
16.00 

106.7 


31.04 
195.2 

39.10 
140.9 
226.0 


102.9 
85.45 

101.7 

150.4 
45-1 


79.2 
28.1 
107.88 
23.00 
87.63 


32.06 
181.5 
127.5 
159.2 
204.0 
232.15 


169.9 
118.7 

48.1 
184.0 
238.2 


51.0 
130.2 

173.5 
0337 
90.6 


Valency. 


~ 


powse 
Q Op 


NY Dw 
Mun, 


- 


eC ee 


NW Nw 


Ye Daw 


Ns ep dN 


ee 


PREYOW HABYY 
ON 
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72 TABLE 40. | 


VOLUME OF A CLASS VESSEL FROM THE WEICHT OF ITS EQUIVALENT ~— 

VOLUME OF MERCURY OR WATER. | 

If a glass vessel contains at  C, P grammes of mercury, weighed with brass weights in air at 
760 mm. pressure, then its volume in c. cm. 


V=PR = Pf 

V=PR=Pop/djityvy(a-d} 

p= the weight, reduced to vacuum, of the mass of mercury or water which, weighed with brass 
weights, equals I gram; 

d =the density of mercury or water at ¢°C, 

and y = 0.000 025, is the cubical expansion coefficient of glass, 


at the same temperature, 4, : 
at another temperature, 4, : 


R. 


[o} 


1.001192 
1133 
T0Q2 
1068 
1060 
1068 


1.001092 
II3L 
1184 
1252 
1333 


1.001428 
1536 
1657 
1790 
1935 


1.002092 
2261 
2441 
2633 
2835 


1.003048 
3271 
3504 
3748 
4001 


COO OND UWPWNHHO 


1.004264 
4537 
4818 
5110 
5410 


WATER. 


Fey ey SOPs || eas eg 20e. 


1.001443 1.001693 
1358 1609 
1292 1542 
1243 1493 
1210 1460 
1193 1443 


1.001 192 1.001442 
1206 1456 
1234 1485 
1277 T3527 
1333 1534 


1.001403 1.001653 
1486 1730 
1582 1832 
1690 1940 
1810 2060 


1.001942 1.002193 
2086 2337 
2241 2491 
2407 26058 
2584 2835 


1.002772 1.003023 
2970 3220 
3178 3429 
3396 3647 
3624 3875 


1.003862 1.004113 
4110 4361 
4306 4616 
4632 4884 
4908 5159 


R. 


0.0735499 
6 


0.07 36969 
7103 
7230 
7370 
7504 


0.0737637 
TT Te 
7905 
8039 
8172 


0.07 38306 
8440 
8573 
8707 
8841 


0.07 38974 
g108 
9242 
9376 
9510 


MERCURY. 


Rea eaes 1Oce 


0.07 35683 
5798 
5914 
6029 
6144 
6259 


0.0736374 
6 


0.07 36951 
7006 
7181 


7207 
7412 


0.07 37 527 
7642 
7757 
7872 
7988 


0.07 38103 
8218 


8333 
8449 
8564 


0.07 38679 
8794 
8910 
9025 
9140 


Ri, 4, = 20°, 


0.07 35867 


0.07 37135 
7250 
7395 
7481 
7596 


0.07 37711 
7826 


7941 
8057 
8172 


0.07 38288 
8403 


0.07 38864 
8979 
9094 
9210 
9325 


Taken from Landolt, Bornstein, and Meyerhoffer’s Physikalisch-Chemische Tabellen. 


SMITHSONIAN TABLES, 


TABLES 41-42. 73 


REDUCTIONS OF WEIGCHINCS IN AIR TO VACUO. 
TABLE 41. 


When the weight M in grams of a body is determined in air, a correction is necessary for the 
buoyancy of the air equal to M 8 (1/d—1/d,) where § = the density (wt. of 1 ccm in grams 
=o0,0012) of the air during the weighing, d the density of the body, d, that of the weights. 

_ § for various barometric values and humidities may be determined from Tables 153 to 155. The - 
following table is computed for § = 0.0012. The corrected weight = M+kM/1o00. 


Correction factor, k. : Correction factor, k. 
Density 
f 
Prolr: Brass Quartz or eter Pt, Ir. r2 uartz or 
weights weights Al. weights : weights Al. weights 
dy =21.5. 8.4. 2.65. 


Density 
of body 
poed 


1.6 + 0.69 
6 


| bb t++4+44+ 
LE) | +44444444+ 
PEt db b++++4++ 


+++44+4+ 


TABLE 42.— Reductions of Densities in Air to Vacuo. 


ee correction may be accomplished through the use of the above table for each separate 

weighing.) 

- If s is the density of the substance as calculated from the uncorrected weights, S its true den- 
sity, and L the true density of the liquid used, then the vacuum correction to be applied to the 

uncorrected density, s, is o.oor2 (1 —s/L). 

Let Ws = uncorrected weight of substance, W1= uncorrected weight of the liquid displaced 
by the substance, then by definition, s == LWs/W}. Assuming D to be the density of the 
balance of weights, Ws {1 + 0.0012 (1/S —1/D) }and Wi {1 + o.oo12 (1/L —1/D) }are the 
true weights of the substance and liquid respectively (assuming that the weighings are made 
under normal atmospheric corrections, so that the weight of 1 cc. of air is 0.0012 gram). 


Ws{1 + 0.0012 (1/S — 1/D) i 
Wi {1 + 0.0012 (1/L—1/D)} 


But from above Ws/W1=s/L, and since L is always large compared with 0.0012, 
S—s=ooo12 (1—s/L). 
The values of 0.0012 (1 —s/L) for densities up to 20 and for liquids of density 1 (water), 
0.852 (xylene) and 13.55 (mercury) follow : 
(See reference below for discussion of density determinations). 


Then the true density S= 


Density of Corrections. Density Ri Corrections. 


bst SS ae a 
io — L=o0.852 L= 13.55 sabstanpe b= L=73.55 
Xylene. Mercury. Water. Mercury. 


— 0.0120 + 0.0002 
.0132 +--+ .00o1 
.O144 0.0000 
0156 0.0000 
.0168 .OOOT 
.o180 .0002 
0192 .0003 
.0204 .0004 
.0216 .0005 
.0228 .0006 


| 
mee 

Qi 

fe) 

N 


8 


+ 
a 
+ 
cae 
oping 
+ 
+ 
+ 
+ 


I. 
Zo 
a 
:. 
é. 
io 
a 
9. 
Oo. 


_ 


Johnston and Adams, J, Am. Chem. Soc. 34, p- 563, 1912+ 
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74 TABLE 43. 


MECHANICAL PROPERTIES.* 


* Compiled from various sources by Harvey A. Anderson, C.E., Assistant Engineer Physicist, U. S. Bureau 
of Standards. 

The mechanical properties of most materials vary between wide limits; the following figures are given as 
being representative rather than what may be expected from an individual sample. Figures denoting such 
properties are commonly given either as specification or experimental values. Unless otherwise shown, the 
values below are experimental. Credit for information included is due the U. S. Bureau of Standards; the 
Am. Soc. for Testing Materials; the Soc. of Automotive Eng.; the Motor Transport Corps, U,S. War Dept.; 
the Inst. of Mech. Eng.; the Inst. of Metals; Forest Products Lab.; Dept. of Agriculture (Bull. 556}; Moore’s 
Materials of Engineering; Hatfield’s Cast Iron; and various other American, English and French authorities. 

The specified properties shown are indicated minimums as prescribed by the Am. Soc. for Testing Materials, 
U. S. Navy Dept., Panama Canal, Soc. of Automotive Eng., or Intern. Aircraft Standards Board. In the 
majority of cases, specifications show a range for chemical constituents and the average value only of this 
range is quoted. Corresponding average values are in general given for mechanical properties. In gen- 
eral, tensile test specimens were 12.8 mm (0.505 in.) diameter and 50.8 mm (2 in.) gage length. Sizes of 
compressive and transverse specimens are generally shown accompanying the data. 

All data shown in these tables are as determined at ordinary room temperature, averaging 20° C (68° F.). 
The properties of most metals and alloys vary considerably from the values shown when the tests are con- 
ducted at higher or lower temperatures. 

The following definitions govern the more commonly confused terms shown in the tables. In all cases the 
stress referred to in the definitions is equal to the total load at that stage of the test divided by the original 
cross-sectional area of the specimen (or the corresponding stress in the extreme fiber as computed from the 
flexure formula for transverse tests). 

Proportional Limit (abbreviated P-limit). — Stress at which the deformation (or deflection) ceases to be 
proportional to the load (determined with extensometer for tension, compressometer for compression and 
deflectometer for transverse tests). 

Elastic Limit. — Stress which produces a permanent elongation (or shortening) of o.cor per cent of the 
gage length, as shown by an instrument capable of this degree of precision (determined from set readings with 
extensometer or compressometer). In transverse tests the extreme fiber stress at an appreciable permanent 
deflection. 

Yield Point. — Stress at which marked increase in deformation (or deflection) of specimen occurs without in- 
crease in load (determined usually by drop of beam or with dividers for tension, compression or transverse tests). 

Ultimate Strength in Tension or Compression. — Maximum stress developed in the material during test. 

Modulus of Rupture. — Maximum stress in the extreme fiber of a beam tested to rupture, as computed 
by the empirical application of the flexure formula to stresses above the transverse proportional limit. 

Modulus of Elasticity (Young’s Modulus). — Ratio of stress within the proportional limit to the corre- 
sponding strain, — as determined with an extensometer. Note: All moduli shown are obtained from tensile 
tests of materials, unless otherwise stated. 

Brinell Hardness Numeral (abbreviated B.h.n.). — Ratio of pressure on a sphere used to indent the 
material to be tested to the area of the spherical indentation produced. The standard sphere used is a 1o- 
mm diameter hardened steel ball. The pressures used are 3000 kg for steel and 500 kg for softer metals, and 
the time of application of pressure is 30 seconds. Values shown in the tables are based on spherical areas 
computed in the main from measurements of the diameters of the spherical indentations, by the following 
formula: 

B.h.n. = P + 7tD = P + tD(D/2— VD*/4 — d2/4)- 
P = pressure in kg, # = depth of indentation, D = diameter of ball, and d = diameter of indentation, — all 
lengths being expressed in mm. Brinell hardness values have a direct relation to tensile strength, and hardness 
determinations may be used to define tensile strengths by employing the proper conversion factor for the ma- 
terial under consideration. 

Shore Scleroscope Hardness. — Height of rebound of diamond pointed hammer falling by its own weight 
on the object. The hardness is measured on an empirical scale on which the average hardness of martensitic 
high carbon steel equals 100. On very soft metals a ‘“‘ magnifier”? hammer is used in place of the commonly 
used “universal”? hammer and values may be converted to the corresponding “universal”? value by multi- 
plying the reading by 4. The scleroscope hardness, when accurately determined, is an index of the tensile 
elastic limit of the metal tested. : 

Erichsen Value. — Index of forming quality of sheet metal. The test is conducted by supporting the 
sheet on a circular ring and deforming it at the center of the ring by a spherical pointed tool. The depth of 
impression (or cup) in mm required to obtain fracture is the Erichsen value for the metal. Erichsen standard 
values for trade qualities of soft metal sheets are furnished by the manufacturer of the machine corresponding 
to various sheet thicknesses. (See Proc. A. S. T. M. 17, part 2, p. 200, 1917.) 

Alloy steels are commonly used in the heat treated condition, as strength increases are not commensurate 
with increases in production costs for annealed alloy steels. Corresponding strength values are accordingly 
shown for annealed alloy steels and for such steels after having been given certain recommended heat treat- 
ments of the Society of Automotive Engineers. The heat treatments followed in obtaining the properties 
shown are outlined on the pages immediately following the tables on steel. It will be noted that considerable 
latitude is allowed in the indicated drawing temperatures and corresponding wide variations in physical prop- 


erties may be obtained with each heat treatment. The properties vary also with the size of the specimens © 


heat treated. The drawing temperature is shown with the letter denoting the heat treatment, wherever the 
information is available. 
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‘MECHANICAL PROPERTIES. 
TABLE 44.—Ferrous Metals and Alloys — Iron and Iron Alloys. 


nee 
eis! 
Ee 
So 
53 
Pn 


Tension. 
kg/mm? 


Sclero- 
scope. 


Iron: 
Electrolytic* (remelt): as forged...| 34.0] 38.5] 48,500 
annealed goo® C.) 12.5) 27.0] 18,000 
Gray cast{(19 mm diam. bars) .... |indet.| ; 17.5] indet. 

ZOeS is cea 
Malleable cast, American (after .0] ( 24.5 seek 
Hatfield)... 40.0] £45,000 
European (after Am. Malleable .0} 29.5! ¢ 27,000) 
PASWNESHASS. ec es «OMe ete { 40, 000 

(run of 24 successive Soe I9IQ)§ 3 
Commercial wrought....... .... 34.0 Gio 
37.0| (32,000 
Silicon alloys|! Si 0.01: as forged... .5} 31.5] 41,800 
(Melted in vacuo) ann. 970° C .0| 24.5] 16,000 
(Note: C max. o.o1 per cent) 
Si 1.71: as forged. : .o| 53.5] 68,100 
annealed 970° C .0| 38.0] 35,800 
Si 4.40: as forged .0| 74.0] 94,000 
annealed 970° C .0| 64.5} 72,900 
Aluminum alloys { Al 0.00 : as forged .5| 38.5} 50,700 
(Melted in vacuo) ann. 1000° C .5| 24.5] 17,600 
(Note: C max. o.o1 per cent) 
Al 3.08 : as forged : 0] 54.5| 68,200 
annealed 1000° C -5| 37-5| 31,800 
Al 6.24: as forged .5| 60.5] 77,700 
annealed 1oo0° C -5| 49-0] 53,400 


Composition, approximate: 
Electrolytic, C 0.0125 per cent; other impurities less than 0.05 per cent. 
Cast, a. Graphitic, C 3.0, Si 1.3 to 2.0, Mn 0.6 to 0.9, S max. o.1, P max. 1.2. 
A.S. T. M. Spec. A48 to 18 allows S max. 0.10, except S max. 0.12 for heavy castings. 
Malleable: American “‘ Black Heart;? © 2:8 to/3.5;, Si 0.6 too. 8, Mn max. 0.4, S max. 0.07, P max, 0.2, 
European ‘‘ Steely Fracture,” C 2.8 to 3.5, Sio.6 to 0.8, Mn o. 15, S max. 0.35, P max. 0.2. 
Compressive Strengths [Specimens tested: 25.4 mm (z in.) diam. cylinders 76.2 mm (3 in.) long]. 
Electrolytic iron 56.5 kg/mm? or 80,000 Ib/in?. 
Gray and malleable cast iron 56.5 to 84.5 kg/mm? or 80,000 to 120,000 Ib/in?, 
Wrought iron, approximately equal to tensile yield point (slightly above P-limit). 


Density: 
Electrolytic iron............. 7-8 g/cm’ or 487 lb/ft’ Malleable iron............... 7.6 g/cm’ or 474 lb/ft8 
MS ASE LOM: ostyai0. ce, es clers wale alse « 7.2 g/cm’ or 449 lb/ft? Wrought iron............... 7.85 g/cm or 490 lb/ft? 
Ductility: — Normal Erichsen ae for good trade quality sheets, 0.4 mm (0.0156 in.) 
Thickness, soft annealed. Depth. 
mm in. 
Sheet metal hoop iron, polished...... SHSDRORWOOOGODO I Q.5 0.374 
Charcoal iron tinned sheet a Sere marae cst Riciamneteie ie eistereicce ess 0.205 
Secoud quality tinned SHeCb ss. che costs acccc ceaecse 6.7 0.264 
Modulus of pci! in tension and compression: 
Electrolytic iron.... 17,500 kg/mm? or 25,000,000 lb/in? Malleable iron... 17,500 kg/mm? or 25,000,000 Ib/in? 
Muteast Iron’.......... 10,500 kg/mm? or 15,000,000 Ib/in? Wrought iron.... 17,500 kg/mm? or 25,000,000 Ib/in® 
Modulus of elasticity in shear: 
Electrolytic iron....... 7030 kg/mm? or 10,000,000 Ib/in? Cast iron....... 8450 kg/mm? or 12,000,000 |b/in? 
WY ROUPTIG ATOM ris cane ers, gota eiake ts o,2idiees 7030 kg/mm? or 10,000,000 |b/in? 


Scleroscope hardness values shown are as determined with the ore Universal hammer. 
Strength in Shear: 


Electrolytic (remelt) Commercial wrought . 
EMMI Gs\cjc)e cee Cease ns 8.4 kg/mm? or 12,000 Ib/in? Panis yews ee causal 21.1 kg/mm? or 30,000 Ib/in® 
Ultimate strength..,.. 21.1 kg/mm? or 30,000 |b/in? Ultimate strength.. 35.0 kg/mm? or 50,000 lb/in? 


Transverse strength, from flexure formula: 
Gray cast iron 
Modulus of rupture, 33.0 kg/ mm? or 47,000 |b/in® 
“Arbitration Bar,” 31.8 mm (1} in.) diameter, or 304.8 mm (r2 in.) span; minimum central load at ru 
ture 1130 ia> fa 1500, (2500 to 3300 lb.); minimum central deflection at rupture 2.5 mm (0.1 in,), (A. S. 
48-1 
* Properties of Swedish iron (impurities less than 1 per cent) approximate those of electrolytic iron. 
} These two values of B.h.n. only are as determined at 500 kg pressure. 
~ U.S. Navy specifies minimum tensile strength of 14.1 kg/mm? or 20,000 Ib/in?. 
iron for a U.S. foundry. 
Sei.from T, D. ‘eas University of Illinois, Engr. Exp. Station, Bulletin No. 83, 1915 (shows Si 4.40 as alloy of 
maximum strength) 
4 From T. . Yensen, University of Illinois, Engr. Exp. Station, Bulletin No. 93, rrr: 
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76 TABLES 45-46. 
MECHANICAL PROPERTIES OF MATERIALS. 
TABLE 45.— Carbon Steels — Commercial Experimental Values. 


S. A. E. (Soc. of Automotive Eng., U. S. A.) classification scheme used as basis for steel grou ings. First 
two digits S. A. E. Spec. No. show steel group number, and last two (or three in case of five figures) show 
carbon content in hundredths of one per cent. 

The first lines of properties for each steel show values for the rolled or forged metal in the annealed or nor- 
malized condition. Comparative heat-treated values show properties after receiving modified S.A. E. heat 
treatment as shown below (Table 46). The P-limit and ductility of cast steel average slightly lower and the 
ultimate strength ro to 15 per cent higher than the values shown for the same composition steel in the annealed 
condition. The properties of rolled steel (raw) are approximately equal to those shown for the annealed con- 
dition, which represents the normalized condition of the metal rather than the soft annealed state. 

The data for heat-treated strengths are average values for specimens for heat treatment ranging in size 
from 3 to 14 in. diameter. The final drawing or quenching temperature for the properties shown is indicated 
in degrees C with the heat treatment letter, wherever the information is available. In general, specimens 
were drawn near the lower limit of the indicated temperature range. 


Nominal 
contents 
per cent. 


Ultimate 
strength 
Ultimate 
strength 
in area. 


Steel, carbon 


(Mn 0.45) H ee 
(Mn 0.65) H ee 


(Mn 0.35) F ee 
{ 


88,000 |123,000 


$9,509 | 79,000 
120,000 |175,000 


00000000 
00n00000 
00000000 


Specification values: Steel, castings, Ann. A.S.T.M. A27-16, Class B;* P max. 0.06; S max. 0.05. 


Ultimate tensile strength Per cent | 


Yield point. oo long. wi 


Se ee 0.45 ultimate 


tens ote 0.45 
SA cid ncaa 0.45 


“ce 


Structural Steel: Rolled: S max. 0.05; P-Bess. max. 0.10; -O-H. max. 0.06. 
Tension: Yield Point min. = 0.5 ultimate; ultimate = 38.7 to 45.7 kg/mm? or 55,000 to 65,000 Ib/in? 
with 22% min. elongation in 50.8 mm (2 in.). 


: 5 peat carbon contents: steel castings, C 0.30 to 0.40; structural steel, C 0.15 to 0.30 (mild carbon or medium 
ard steel). 


TABLE 46.— Explanation of Heat Treatment Letters used in Table of Steel Data. 


Motor Transport Corps Modified S. A. E. Heat Treatments for Steels. (S. A. E. Handbook, Vol. 1, pp. 
od and oe, 1915, q. v- for alternative treatments.) 


Heat Treatment A. — After forging or machining (1) carbonize at a temperature between 870 and 930° C. 
(1600 and 1700° F.);_ (2) cool slowly; (3) reheat to 760 to 820° C. (1400 to 1500° F.) and quench in oil. 

Heat Treatment D. — After forging or machining: (1) heat to 820 to 840° C. (1500 to 1550" F.); (2) quench; 
(3) reheat to 790 to 820° C. (1450 to 1500° F.); (4) quench; (5) reheat to 320 to 650° C. (600 to 1200° F.) 
and cool slowly. : 

Heat Treatment F. — After shaping or coiling: (1) heat to 775 to 800° C. (1425 to1475° F.); (2) quench; 
(3) reheat to 200 to 480° C. (400 to goo° F.) in accordance with degree of temper required and cool slowly. 

Heat Treatment H. — After forging or machining: (1) heat to 820 to 840°C. (1500 to 1550° F.); 
(2) quench; (3) reheat to 230 to 650° C. (450 to r200° F.) and cool slowly. 

Heat Treatment L. — After forging or machining: (1) carbonize at a temperature between 870 and 
one. C. (1600 and 1750° F.), preferably between 900 and 930° C. (1650 and 1700 F.); (2) cool slowly in car- 

onizing material; (3) reheat to 790 to 820° C. (1450 to r500° F.); (4) quench; (5) reheat to 700 to 760° C. 
(1300 to 1400° F.); (6) quench; (7) reheat to 120 to 260° C. (250 to 500° F.) and cool slowly. 

Heat Treatment M.— After forging or machining: (1) heat to 790 to 820°C. (1450 to 1500° F.); 
(2) quench; (3) reheat to between 260 and 680° C. (500 and 1250° F.) and cool slowly. 

Heat Treatment P. — After forging or machining: (1) heat to 790 to 820° C. (1450 to r500° F.); (2) 
quench; (3) reheat to 750 to 770° C. (1375 to 1425° F.); (4) quench; (5) reheat to 260 to 650° C. (500 to 
1200° F.) and cool slowly. a 

Heat Treatment T. — After forging or machining: (1) heat to goo to 950° C. (1650°to 750° F.); (2) quench; 
(3) reheat to 260 to 700° C. (500 to 1300° F.) and cool slowly. ; 

Heat Treatment U. — After forging: (1) heat to 830 to 870° C. (1525 to 1600°F.), hold half an hour; 
(2) cool slowly; (3) reheat to 900 to 930° C. (1650 to 1700° F.); (4) quench; (5) reheat to 180 to 290° C. 
(350 to 550° F.) and cool slowly. 

Heat Treatment V. — After forging or machining: (1) heat to 900 to 950‘ C. (1650 to 1750°F.); 
(2) quench; (3) reheat to between 200 and 650° C. (400 and 1200° F.) and cool slowly. 

Eprror’s Nore: Oil quenching is recommended wherever the instructions specify “quench,” inasmuch as 
the data in the table are taken from tests of automobile parts which must resist considerable vibration and 
which are usually small in section. The quenching medium must always be carefully considered. 
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TABLE 47. v7 
MECHANICAL PROPERTIES. 
TABLE 47.— Alloy Steels — Commercial Experimental Values. 


Nominal 
contents, 
per cent. 


Steel, nickel. . 


Ni 36.0 
C 0.40 


nickel 
chrome... . 1.25, Ann.’ 
Cr 0.60} H 450°C 


(Mn 0.65) 
he 1.75 


Cr 1.10 
(Mn 0.45) 


Ni 3.50 

Cr 1.50 
(Mn 0.45) 
Cr 1.00 
(Mn 0.35) 
Cr 1.20 
(Mn 0.35) 


manganese |9g250 
9250 
9X30 
9X30 
(c= 
(C-7o) 
(C-47) 


tungsten. . 
W is. 6 


strength 
Ultimate 


Ib/in? 


30.0] 38.0] 42,500] 54,000 
53-0] 76.0] 75,000]107,500 
39.0] 48.0] 55,000] 68,000 
106.0]131.0]151,000|186,000 
44.0] 55.0] 62,500] 78,000 
136.0|149.0]193,000] 212,000 


50.0] 77.5] 71,000|I10,000 


34.0] 44.0] 49,000] 62,000 
60.0] 82.0] 85,000/116,000 
40.0] 50.0] 57,000] 71,300 
88.0]121.0/125,000]1 72,000 
39-0] 49.0] 55,000] 69,000 
77.0|106.0]110,000]151,000 
44.0] 55.0] 62,000] 78,000 
134.0]183.0]190,000] 260,000 
32.0] 42.0] 46,000] 59,500 
77.0|105.0]I 10,000] 150,000 
39.0] 52.0] 56,000] 74,000 
120.0]163.0]1 70,000] 232,000 
44.0] 58.0] 62,000] 82,000 
144.0|193.0]205,000]275,000 
44.0| 58.0] 62,000] 82,000 
I41.0]178.0|200,000} 253,000 


43-0] 59.0] 61,500] 84,500 
84.0] 115.0|120,000]163,000 


48.0] 63.0] 68,200] 90,000 
176.0] 23 2.0]250,000| 330,000 


42.0] 54.0] 60,000] 77,000 
QI.0|122.0/130,000]174,000 
48.0] 61.0] 68,000] 87,000 
I13.0|148.0]160,000| 211,000 
34.0] 59.0] 48,100] 84,200 
63.0] 89.0] 90,000]1 26,000 


158.5|175-0|225,000] 248,000 


53-0|155|22 
48.0]270]36 
46.0]182]30 
43.01330|44 
50.0|170|— 
48.0]375|50 
42.0|180|— 
32.0/480]64 
50.0] — |— 
48.0|375|50 
45-0) 
42.0)479|64 
31.0} — |— 
26.0|500]66 
24.0| —|— 
25.0|524|70 


51.0|152|— 
43-0/432]59 


38.0] — |— 
24.0]562|75 


PASO || =| — 
24.0/441159 
22:0 
21.0|470/63 
Sy | | 
22.1] —|— 


43-0|5 20/64 


s oan Nore. — Table on steels after Motor Transport Corps, Metallurgical Branch of Engineering Division, 
able No. 3 
Maximum allowable P 0.045 or less, maximum allowable S 0.05 or less. 
Silicon contents were not determined by Motor Transport Corps in preparing table, except for silico-manganese steels. 
Compressive strengths: 
4 For all steels approx. equal to yield point in tension (slightly above P-limit). 
ensity: 
Steel weighs about 7.85 g/cm’ or 490 lb/ft 
Ductility, Erichsen values: 
0.75 mm (0.029 in.) thick, low carbon soft annealed sheet (B.S.), depth of indentation 12.0 mm or 0.472 in. 
1.30 mm (0.050 in.) thick, low carbon soft annealed sheet (B. S. ), depth of indentation 12.5 mm or 0.492 in. 
Modulus of elasticity in tension and compression: 
4 For all steels approx. 21,000 kg/mm? = 30,000,000 |b/in?. 
Modulus of elasticity in shear: 
For all steels approx. 8400 kg/mm? = 12,000,000 |b/in? 
Scleroscope hardness values shown are as determined with the Shore Universal hammer. 
Strength in shear: 
P-limit and ultimate strength each about 70 per cent corresponding tensile values. 
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MECHANICAL PROPERTIES. 
TABLE 48.— Steel Wire — Specification Values. 


(After I. A. S. B. Specification 3S12, Sept., 1917, for High-strength Steel Wire.) 
S. A. E. Carbon Steel, No. 1050 or higher number specified (see Carbon steels above). Steel used to be manutac- 
tured by acid open-hearth process, to be rolled, drawn, and then uniformly coated with pure tin to solder readily. 


American Diameter. Req’d Weight. 
or ent TUES TS TTTY 
B. and S. 203.2 mm 


wire gage.} = 7™m in. or 8 in, |kg/t0om pie 


16 
19 


Lal 


HHNDKDW BUDAWO 


219,000 
229,000 
233,000 
244,000 
244,000 


254,000 
252,000 
255,000 
258,000 
259,000 J}. 


HHHDNHDHD NHNHWWH 


264,000 
267,000 
270,000; 
275,000 
280,000 


OOH HH 


284,000: 


° 
“I 
NO 
Ww 


Note. — Number of 90° bends specified above to be obtained by bending sample about 4.76 mm (0.188 in.) radius, 
alternately, in opposite directions. ‘ 
Above specification corresponds to U. S. Navy Department Specification 22W6, Nov. 1, 1916, for tinned, galvan- 
ized or bright aeroplane wire.) 
TABLE 49.— Steel Wire — Experimental Values. 
(Data from tests at General Electric Company laboratories.) ‘‘ Commercial Steel Music Wire (Hardened).’ 


Diameter. Ultimate strength. 


kg/mm? tension lb/in? 


321,500 
354,000 
360,000 
370,000 
372,500 
378,000 
550,000 
750,000 

70,000 


* For 4.55 mm wire drawn cold to indicated sizes. + For 4.55 mm (0.018 in.) wire annealed in He at 850°C. 


TABLE 50. — Semi-steel. 


Test results at Bureau of Standards on 155-mm shell, Jan. 1919. : t 
Microstructure — matrix resembling pearlitic steel, embedded in which are flakes of graphite. 
Composition-Comb. C 0.60 to 0,76, Mno.88, P 0.42 to0.43,$.0.077 to 0.088, Si1.22 to 1.23, graphitic C 2.84 to 2.94, 


Hardness. 


# 
£ 
Ay 


Ultimate 
strength 


Brinell 

— Sclero- 
Tension i Compression @3000 
i kg/mm? 


Semi-steel: 


Germans 4 ; II,200 28,200 : x 34,500 103,000 


Graph. C 2.92 : : 
Comb. C 0.60 : . 6,000 | 21,200 : ‘ 26,000 7,300 


Tension specimens 12.7 mm (0.5 in.) diameter, 50.8 mm (2 in.) gage length; elongation and reduction of 


area negligible. : . : : : atid 
Compression specimens 20.3 mm (0.8 in.) diameter, 61.0 mm Ge in.) long; failure occurring in shear. 
Tension set readings with extensometer showed elastic limit of 2.1 kg/mm? or 3000 Jb/in?, uA ‘ae 


Modulus of elasticity in tension — 9560 kg/mm? or 13,600,000 Ib/in?, 
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TABLE 51.— Steel-wire Rope — Specification Values. 79 


Cast steel wire to be of hard crucible steel with minimum tensile Strength of 155 kg/mm? or 220,000 |b/in? 
and minimum elongation of 2 per cent in 254 mm (10 in.). | F 
* Plow steel wire to be of hard crucible steel with minimum tensile strength of 183 kg/mm? or 260,000 
Ib/in? and minimum elongation of 2 percent in 254mm (r1oin.). | ; 
Annealed steel wire to be of crucible cast steel, annealed, with minimum tensile strength of 77 kg/mm? or 
110,000 Ib/in? and minimum elongation of 7 per cent in 254 mm (ro in.). ; 
Type A: 6 strands with hemp core and 19 wires to a strand (= 6 X 19), or 6 strands with hemp core and 
18 wires to a strand with jute, cotton or hemp center. 
Type B: 6 strands with hemp core, and 12 wires to a strand with hemp center. 
Type C: 6 strands with hemp core, and 14 wires to a strand with hemp or jute center. 
Type AA: 6 strands with hemp core, and 37 wires toa strand (= 6 X 37) or 6 strands with hemp core and 
36 wires to a strand with jute, cotton or hemp center. : ; 


Diameter. Approx. weight. Minimum strength. 
Description. Sd 


Galv. cast steel, Type A...... 
‘ c 


ce ‘ 


@" a ge) ies 


HoH 


bo] co|cono|-+ 


ee eee 


eens 


HH 


bol colcata| 


Galv. cast steel, Type B...... 
“cc “cc “ce 


“cc 


eee eae 


(Ts “cc sc 


“cc “ cc 


le 


Galv. cast steel, Type C...... 
(a3 “cc ce 


“ce 


HHH He 


ajleje {6 ee 


Bo] Coles colon 


6 ¢ 0 @ eye 


HoH 


= 4 
tol onleor 


of 


BPHOOWHOONHNHOOWHOOWHOO 


oO RUAnARAUAwWPRHPRUADHEUAHERIUH 
ALOORNKNOORHWHOONNOONNOO 


He 
ajor 


eee ee 


TABLE 52.— Plow Steel Hoisting Rope (Bright). 


: (After Panama Canal Specification No. 302, 1912.) ; 
Wire rope to be of best plow steel grade, and to be composed of 6 strands, 19 wires to the strand, with hemp center. 
Wires entering into construction of rope to have an elongation in 203.2 mm or 8 in. of about 2} per cent. 


Diameter. Spec. minimum strength. Diameter. Spec. minimum strength. 


a 
i 
’ 


mm in. kg lb. 


38.1 74,390 164,000 
50.8 127,000 280,000 
63.5 207,740 458,000 
69.9 249,350 550,000 


i [cobo| colco 


TABLE 53.— Steel-wire Rope — Experimental Values. 
(Wire rope purchased under Panama Canal Spec. 302 and tested by U. S. Bureau of Standards, Washington, D. C.) 


Ultimate strength 
(net area). 


Ib/in? 


mel ‘ Diameter. Ultimate strength. 
Description and analysis. ¥ 


Plow Steel, 6 strands x 19 wires 
C 0.90, S 0.034, P 0.024, Mn 
Qu ELASTIC i a ee > 137,900 | 304,000 ; 184,200 

Plow Steel, 6 strands x 25 wires 
C 0.77, S 0.036, P 0.027, Mn 
2 OST is fe eee Seen : 314,800 | 694,000 : 214,900 

Plow Steel, 6 x 37 plus 6x10 
C 0.58, S 0.032, P 0.033, Mn | 
EAN Teee SU, ORE OO) aiiwray vgivarsiaviavsvareents : 392,800 | 866,000 187,900 

Monitor Plow Steel, 6 x 61 plus! : 

6 X I9, C 0.82, S$0.025, Po.o1g, | 
BOLD. SE O. LOO. osc arge ahs a. 2 425,000 | 937,000 202,400 


Recommended allowable load for wire rope running over sheave is one fifth of specified min. strength. 
SMITHSONIAN TABLES. 


80 TABLES 54-55. 
TABLE 54. — Aluminum. 


20) 
5 
a. 
5 
g 


Density 


Metal, approx. or weight. 


composition, Condition. 
per cent. 


strength 
Ultimate 
Reduct 
of area 


Per cent. 


Brinell @ 
soo kg 


ALUMINUM: 
Av. Al 99.3 
Imp., Fe and Si. .. 


2.57|160.5]6.0 to|8.0 to|8,500 to|12,000 to 
10,000 | 14,000 


12,600 to 


_ : 13,600 
2.57|160.5 ‘ f 13,000 
2.69/168.0 , ; 13,500 
2.70/168.5] 1 21.0 | 20,000 | 30,000 
2.70|168.5 , 23.0 | 22,000] 33,000 
2.70/168.5| 2 28.0 | 30,000 | 40,000 


Compressive strength: cast, yield point 13.0 kg/mm? or 18,000 lb/in?; ultimate strength 47.0 
kg/mm? or 67,000 Ib/in?. 


Modulus of elasticity: cast, 6900 kg/mm? or 9,810,000 Ib/in? at 17° C. 


TABLE 55.— Aluminum Sheet. 


(a) Grade A (Al min. 99.0) Experimental Erichsen and Scleroscope Hardness Values. 
[From tests on No. 18 B. & S. Gage sheet rolled from 6.3 mm (0.25 in.) slab. Iron Age v. 101, page 95>]. 


Heat treatment Thickness, Indentation, Scleroscope 
annealed. mm hardness. 


6.83 
8.86 
10.17 
9.40 
7-97 
9.80 


(b) Specification Values. — (1) Cast: U. S. Navy 49 Al, July 1, 1915; Al min. 94, Cu max. 
6, Fe max. 0.5, Si max. 0.5, Mn max. 3. 

Minimum tensile strength 12.5 kg/mm? or 18,000 1b/in? with minimum elongation of 8 per 
cent in 50.8 mm (2 in.). 


(2) Sheet, Grade A: A. S. T. M. 25 to 18T; Al min. 99.0; minimum strengths and elongations. 


Gage, sheet thicknesses. Teme: 


hardness. mM OF 2 In. 


per cent. 


Tensile strength.| Elong. in 50.8 


.052 to | 0.0808 to t Soft, Ann. 


Sheets of temper No. 
16 incl.} 1.293 .O509 2 Half-hard 


r to withstand being 
bent double in any di- 
rection and hammered 
flat; temper No. 2 to 
bend 180° about radius 
equal to thickness with- 
out cracking. 


3 Hard 
17 to .152 to +0453 to 1 Soft, Ann. 
22 incl.| 0.643 .0253 2 Half-hard 
3 Hard 
23 to .574 to .0226 to t Soft, Ann. 
26 incl.| 0.404 .O159 2 Half-hard 
3 Hard 


co co! 
On CUM Contin 


Norte. — Tension test specimen to be taken parallel to the direction of cold rolling of the sheet. 
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Alloy, approx. 
composition 
per cent. 


Aluminum — Copper. 
Alo8 Cu x Imp. max. 1 


Al o6 Cu 3 Imp. max. 1 


Alo4 Cus Imp. max. 1 
Al 92 Cu 8: Alloy No. 


Copper, Magnesium.. 
Al 9.52 Cu 4.2 Mg 0.6 


Duralumin or 17S 
Alloy Alo4 Cu 4 Mg 
o}!Sho0 AGRO on 


Copper, Manganese. . 
Alo6 Cu2Mn2... 
Al 96 Cu 3 Mntr 
Naval Gun Factory.. . 
Algo7 Cut.5 Mnt.... 
Al 904 Cu max. 6 Mn 

max. 

Copper, 

Mn t 
Al 93.5 Cu 3.5 Ni 1.5 
Mgt Mno.s..... 
pepe: Nickel Mn... 
A be Cu 3 Ni 2 Mn 
EPSP te sols cisceie- al’ 

Magnesium: 
Magnalium Alos Mg 5 
Al 77-98, Mg 23-2... 


Nickel Al 97 Ni2..... 


PAM SNL Ss oie els cae « 


Nickel Copper: 
Al 93.5 Ni5.5 Cuz.. 
Al 91.5 Ni 4.5 Cuq4.. 
Al 92 Nis5.5 Cua2.... 


Zinc, Copper: 
Al 88.6 Cu 3 Zn 8.4... 


Al 81.1 Cu 3 Zn 15.9. 


i 


TaBLe 56. 
ALUMINUM ALLOY. 


Condition, 
per cent 
reduction. 


Cast, chill.... 


Rolled, 70%. . 
Cast, chill.... 
Rolled, 70%.. 
Cast, chill... 
Rolled, 70%.. 
Cast, sand... . 


Minimum tf... 


Cast at 700° C. 17.9 to 
23.2 |r 
Cast at 700° C. 14.5 to 
21.4 


Cast, sand.... 
Cast, chill.... 


2 
Cast, chill.... 
Drawn, cold.. 
Rolled, hot... 
Castychillyo. 
Drawn, cold. . 
Rolled, hot... 


Cast, chill.... 
Cast, chill.... 
rawn, cold.. 
Rolled, hot... 


Cast at 700° C. 
Ann. 500° C. . 
Cast at 700° C.}3.1 
Ann. 500° C... 


2.5 |156 
2.4 to|150 to 
160 


15.5 
29.5 to 
45.0 
II.o 
16.0 
13.0 
15.0 
20.0 
16.0 


17.0 
18.0 
27.0 
22.0 


18.5 


103 


5,000 to 


4,000 


Ultimate 
strength. 


23,000 


18,000 
13,000 to 
18,900 
24,900 
59,500 
79,600 


55,300 
20,300 
38,200 
27,000 
20,000 
27,800 


18,000 
25,500 to|6.0 to 


33,000 
20,600 to 


1.5 
6.0 to 


30,500 


22,000 
42,000 to 
64,000 
14,900 
22,700 
18,200 
21,700 
27,900 
22,300 


24,800 
25,200 
37,800 
31,500 


26,300 
28,800 
35,100 
41,200 


Sclero- 
scope. 


21.0 


14.0 


ial edhe 


3.5 to} 50 to}13 to 


None|65 {1 


COW 


0.5 to}74 to|17 te 


74 |18 
80 


° 
1.0 
290-5 


21 


8.5 to|54 to 


1.0 |86 
11.0 to/50 to 


9 


* Specification Values: Alloy ‘‘No. 12”: A. S.T. M. B26-18T, tentative specified minimums for aluminum, copper. 
t Quenched in water from 475°C. after heating in a salt bath. Modulus of elasticity for Duralumin averages 
7000 kg/mm? or 10,000,000 Ib/in?. 

t Specification values: Aluminum castings; U.S. Navy 49 Al, July 1, 1915 (Impurities: Fe max. 0.5, Si max. 0.5). 
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MECHANICAL PROPERTIES. 
TABLE 57.— Copper. 


Metal and Peo 


approx. se 
composition. Condition. 
Per cent. 


Copper: 
99.0: electrolytic} Ann. 20c. C...... , : 

Cu'goiG. 2 wails CASES c Sitietlee axes 4 ; : 25,000 
Rolled Hard, 40% reduct} 8. 14. i 2 50,000 
s Sia gfe ise Ann, at 500° C.. .| 8. ' : . | 35,000 
Drawn cold, 50% 
Fctetetsa te No Ann. (96% re- 
duction)....... 4 67,400 

Ann. 750° C after 
drawing cold... : 31,200 

ES Bonac Drawn hot (64% 
reduction)..... i 46,800 


50,000 


* Wire drawn cold from 3.18 mm (0.125 in.) to 0.64 mm (0.025 in.) Bull. Am. Inst. Min. Eng., Feb., rorg. 
+ Wire drawn at 150° C from 0.79 mm (0.031 in.) to 0.64 mm (0.025 in.) (Jeffries, Joc. cit.). 
Compression, cast copper, Ann. 15.9 mm (0.625 in.) diam. by 50.8 mm (2 in.) long cylinders. 
Shortened 5 per cent at 22.0 kg/mm? or 31,300 !b/in? load. 
“yg 99.9 kg/mm? “ 41,200 lb/in? “ 
“ 20 “6 30.0 kg/mm? “ 55,400 Ib/in? “ 
Shearing strength, cast copper 21.0 kg/mm? or 30,000 Ib/in? 
Modulus of elasticity, electrolytic 12,200 kg/mm? or 17,400,000 Ib/in? 
sf by s cast 7,700 kg/mm? or 11,000,000 Ib/in? 
‘ 45 s drawn, hard 12,400 kg/mm? or 17,600,000 Ib/in? 


TABLE 58.— Rolled Copper — Specification Value. 
Specification values: U. S. Navy Dept., 47C2, minimums for rolled copper, — Cu min. 99.5 


i h. i 
Tensile strengt Elong. sae 


Description, temper and thickness. b/in? or 2 in. — per cent. 


kg/mm? 


Rods, bars, and shapes: 
SOE Sa etre Ben tenia aetatetot oat vomit aslo rets wiaiereites 21.0 30,000 25 
Hard: to 9.5 mm (# in.) inch. .........006- 35.0 50,000 Io 
Hard: 9.5 mm to 25.4 mm (1in.).......... 31.5 45,000 I2. 
Hard: 25.4 mm to 50.8 mm (2 in.).......-- 28.0 40,000 15 
Hard: over 50.8 mm (2 in.)......-eseeceees 24.5 35,000 20 

pas and plates: 


i 


21.0 to 28.0 30,000 to 40,000 25 to 25 
35,000 18 


TABLE 59.— Copper Wire — Specification Values. 
Specific Gravity 8.89 at 20° C (68° F). 

Copper wire: Hard Drawn (and Hard-rolled flat copper of thicknesses corresponding to diameters of wire) 

Specification values. (A.S.T. M. Br-1s5, and U. S. Navy Dept., 22W3; Mar. 1, r915.) : 


Diameter. Minimum tensile strength. Maximum elongation, 
: per cent in 
lb/in? 254 mm (tro in.). 


49,000 
51,000 
52,800 
54,500 
56,100 
57,000 
59,000 


HAHN HHO DH 


+79 
in 1524 mm (60 in.) 
60,106 a2 
61,200 
62,100 
63,000 
63,700 


8. 
a. 
6. 
5s 
Be 
4: 
4. 
ae 
2, 
2. 
2. 
2. 
2. 
ie 
Te 
Ts 
I. 
I. 
ar. 


GOOG) Gy O's O).ea) Ft es ex ra ese 


. P-limit of hard-drawn copper, wire must average 55 per cent of ultimate tensile strength for four largest sized wit es 
in table, and 60 per cent of tensile’ strength for smaller sizes. 
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| TABLES 60-63. 8 3 
® MECHANICAL PROPERTIES. 
TABLE 60.— Copper Wire — Medium Hard-drawn. 
(A. S. T. M. B2-15) Minimum and Maximum Strengths. 


Tensile strength. 
Diameter. a er _ Elongation, 
Minimum. Maximum. minimum per cent 


| in 254 mm (nro in.). 
mm in. kg/mm? Ib/in? kg/mm? lb/in? 


II:70 0.460 29.5 42,000 34.5 49,000 Bo75 

6.55 -258 33.0 47,000 38.0 54,000 2.50 
in 1524 mm (60 in.) 

At .162 Ban 49,000 30.5 56,000 1.15 

2.59 - 102 35-5 50,330 40.5 57;33° T.04 

I.02 .O40 37.0 53,000 | 42.0 60,000 0.88 


Representative values only from table in specifications are shown above. 
P-limit of medium hard-drawn copper averages 50 per cent of ultimate strength. 


TABLE 61.— Copper Wire — Soft or Annealed. 
(A. S. T. M. B3-15) Minimum Values. 


Minimum tensile Elongation 

strength. in 254mm 
ee eee (ro in.), 

kg/mm? i per cent. 


Diameter. 


11.70 to 7.37 | 0.460 to 0.290 


7.34 to 2.62 | 0.289 to 0.103 
2.59 t00.53 | 0.102 to 0.021 


0.51 to 0.08 | 0.020 to 0.003 


Note. — Experimental results show tensile strength of concentric-lay copper cable to approximate go per cent of 
combined strengths of wires forming the cable. 


TABLE 62.— Copper Plates. 
(A. S. T. M. B11-18) for Locomotive Fire Boxes. Specification Values. 


Tensile strength. 
Minimum requirements. 


kg/mm? Ib/in? per cent. 


Copper, Arsenical, As 0.25-0.50 

Impurities, max. 0.12 3 31,000 35 
Copper, Non-arsenical: 

Impurities, max. 0.12 j 30,000 30 


Nore. — Copper to be fire-refined or electrolytic, hot-rolled from suitable cakes. 
TABLE 63.— Copper Alloys. 


The general system of nomenclature employed has been to denominate all simple copper-|- 
zinc alloys as brasses, copper-tin alloys as bronzes, and three or more metals alloys composed 
rimarily of either of these two combinations as alloy brasses or bronzes, e.g., ‘Zinc bronze” 
or U.S. Government composition “‘G”’ Cu 88 percent, Sn 1o percent, Zn 2percent. Alloys 
of the third type noted above, together with other alloys composed mainly of copper, have 
been called copper alloys, with the alloying elements other than minor impurities listed 
as modifying copper in the order of their relative percentages. ie) 
_ In some instances, the scientific name used to denote an alloy is based upon the deoxidizer 
used in its preparation, which may appear either as a minor element of its composition or 
mot at all, e.g., phosphor bronze. } 
_ Commercial names are shown below the scientific names. Care should be taken to specify 
)|the chemical composition of a commercial alloy, as the same name frequently applies to 
widely varying compositions. 
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8 4 TABLE 64. 
MECHANICAL PROPERTIES OF MATERIALS. 
TABLE 64.— Copper-zinc Alloys or Brasses; Tin Alloys or Bronzes. 


Metal and Density 
approx. or weight. 
composition, Condition. 
per cent. 


strength. 


Tension, 
Ib/in? 


Brass: 

29,000 
55,000 * 
37,000 * 
35,000 
75,000 * 
42,000 * 
40,000 
60,000 
48,000 * 


= 


Cu 80, Zn 20 f.| { Cold rolled, hard 
Cold rolled, soft. 

Cu 70, Zn 30...| Sand cast 
Cu66Zn 34 Std. { Cold rolled, hard 
h Cold rolled, soft. 


ee ae ee 


Soleo Gee) 
haAkD 


Cu 60, Zn 40...} Sand cast { — ” 5 45,800 
Muntz metal...| Cold rolled, hard|\8.4 ! ; 70,000 
Bronze: 


Cu 97.7, Sn 2.3. { Cast ‘ ; see 


Cast or 
Cu 90, Sn ro... bronze or ; 33,000 


Cu 80, Sn 20... 5 u 5 32,000 
Cu 70, Sn 30... H : F 7,000 


Compressive Strengths, Brasses: 


Cu go, Zn 10, cast 21.0 kg/mm? or 30,000 Ib/in? 
Cu 80, Zn 20, cast 27.4 kg/mm? or 39,000 Ib/in? 
Cu 70, Zn 30, cast 42.0 kg/mm? or 60,000 Ib/in? 
Cu 60, Zn 40, cast 52.5 kg/mm? or 75,000 lb/in? 
Cu 50, Zn 50, cast 77.0 kg/mm? or 110,000 Ib/in? 


Modulus of elasticity, — cast brass, — average 9100 kg/mm? or 13,000,000 Ib/in? 

Erichsen values: Soft slab, 1.3 mm (0.05 in.) thick, no rolling, depth of impression 13.8 mm (0.55 in.). 
Hard sheet, 1.3 mm, rolled 38% reduction, depth’ of impression 7.3 mm (0.29 in.). 
Hard sheet, 0.5 mm, rolled 60% reduction, depth of impression 3.7 mm (0.15 in.). 


Compressive Ultimate Strengths, Cast Bronzes: 


Cu 97.7, Sn 2.3 to 24.0 kg/mm? or 34,000 Ib/in? 
Cu go, Sn Io to 39.0 kg/mm? or 56,000 Ib/in? 
Cu 80, Sn 20 to 83.0 kg/mm? or 118,000 |b/in? 
Cu 70, Sn 30 to 105.0 kg/mm? or 150,000 lb/in? 


, Specification value, A.S.T.M., B 22-18 T, for specimen = cylinder 645 sq. mm (x sq. in.) area, 25.4 mm (z in.) 
ong. mange r 
Cu 80, Sn 20: minimum compressive elastic limit = 17.0 kg/mm? or 24,000 Ib/in? 
tb Modulus of elasticity for bronzes varies from 7000 kg/mm? or 10,000,000 lb/in? to 10,000 kg/mm? or 15,500,00¢ 
/ in? 


* Values marked thus are S. A. E. Spec. values. (See S. A. E. Handbook, Vol. I, p. 13a, rev. December, 1913. 
+ Red metal. t Low brass or bell metal. 
, § A. S. T.M. Spec. Bro-18T requires B.h.n. of 51-65 kg/mm? @ sooo kg pressure for 70: 30 annealed sheet 
Tass. 


Foor Nores To TABLE 65, PAGE 85. 


* Tensilite, Cu 67, Zn 24, Al 4.4, Mn 3.8, P o0.or compressive P-limit: 42.2 kg/mm? or 60,000 Ib/in? and 1.33 per 
cent set for 70.3 kg/mm? or 100,000 lb/in? load. 
Compressive P-limit 20.0 to 28.2 kg/mm? or 28,500 to 40,000 Ib/in? 
Compressive ultimate strength 54.5 kg/mm? or 77,500 lb/in? : 
Compressive P-limit 4.2 kg/mm? or 6000 Ib/in? and 4o per cent set for 70.3 kg/mm? or 100,000 |b/in? 
i Modulus of elasticity 9840 kg/mm? or 14,000,000 Ib/in? 
|| Values are for yield point. #** Minimum values for ingots. ‘ 
ty Rolled manganese bronze (U.S. N.) Cu 57 to 60, Zn 4o to 37, Fe max. 2.0, Sno.§ to 1.5; 2.9 per cent increase 
for t ickness 25.4 mm (1 in.) and under. 
tt Ni eae cent, B.h.n. = 130 as rolled; B.h.n. = 50 as annealed at 930° C. oe i 
U.S. By Dept. Spec. 46S 3a, June 1, 1917: German silver Cu 60 to 67, Zn 18 to 22, Ni min. 15, no mechanical 
requirements. = 
5 yee of ne. German silver alloys, see Braunt, ‘‘ Metallic Alloys,” p. 314, — “best” (Hiorns), “hard Sheffield,” 
u 46, Zn 20, Ni 34. , 
8§ Platinoid Cu 60, Zn 24, Nix4, W r to 2; high electric resistance alloy with mechanical properties as nickel brass. 
|||| Specification Values, Naval Brass Castings, U. S. Navy, 46B rob, Dec. 1, 1917 for normal proportions Cu 62, Zn 
37, Sn 1, min. tensile strength 17.5 kg/mm? or 25,000 lb/in* with 15 per cent elongation in 50.8 mm (2 in.). 
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TABLE 65. 
MECHANICAL PROPERTIES. 
TABLE 65.— Copper Alloys — Three (or more) Components. 


Ultimate 
strength 


Alloy and approx. 
composition Condition. 
per cent. 
Tension, 


Brass, Aluminum. . Cast 
Cu 57, Zn 42, Alr. 
Cu 55, Zn 41, Al A 
Cu 62.9, Zn 33.3, All3.8. 
Cu 70.5, Zn 26.4, Alj3.z. 
Alum., Manganese..| Cast, tensilite* 
Cu 64, Zn 29, Al 3.1, 
Mn 2.5, Fe 1.2... 
Alum., Vanadium... 
Cu 58. 5, 2 Zn 38.5, Al 
1.5,V Cold drawn... : : 81,400 4 14.0 
Iron: 
Cu 56, Zn 41.5, Fer.| Cast : 72,000 to|35.0 to]35.0 to|r09 to 


84,000 [22.0 |25.0 |11 
Aich’s Metal 9 


Cu6o0,Zn38.2,Fe1.8| Cast ? y 57,300 _ —_— 
Delta Metal 
Cast, sand.... A _ 45,000 |1I0.0 — 
Cu's7; 20.42, Fe r.. Rolled, hard. . : 60,000 |17.0 = 
Cu 65, Zn 30, Fes5..| Rolled hard... J 65,000 — — 
Iron, Tin: 
Cus56.5,Zn 40, Fer.5, 49. 33,000 to] 70,000 to}35.0 to}35.0 to|r 
Sn tof : ; 37,000 75,000 |20.0 |22.0 |x 
Sterro metal: 
60,500 


Cu 55, Zn 42.4 Fe Sigh ES ; 5 a 
1.8, Sn 0.8 6 laine ue ae 


Lead or Yellow brass : : 33,000 to| 30.0 to}35.0 to 
‘ 39,000 |26.0 |30.0 
Cu 60 to 63.5, Zn 35 { Sheet ann..... : 42,000 |50.0 = 
to 33.5, Pb 5 to3.| \ Sheet hard.... ; 61,000 |30.0 = 
Lead, Tin or 
30,000 |I7.0 


Cu83,Zn7,Pb6,Sn4 
Cu 78, Zn 9.5, Pb 10, 


26,500 


Yellow brass: 
Cu 70, Zn 27, Pb 2, 
S 20,500 {25.0 
Manganese or Man- 
ganese bronze 


Cu 58, Zn 39, Mn! Cast, sand J..|8. A 3 30,000 to} 70,000 to}30.0 to} 32.0 to|rog to|/18 to 


35,000|| | 75,000 |22.0 {25.0 |r19 


19 


0.05 4 
(Sn, Fe, Al, Pb.) Cast, chill.... : : 32,000 to] 75,000 to|32.0 to|34.0 to}r19 to|18 to 


37,000!| | 80,000 |25.0 {28.0 |130 
Cu 60, Zn 39 Mn, i 4 , 45,000 75,000 |25.0 |28.0 =: 
tr 


Specification values: 
U. S. Navy, 46 B 
— 70,000 


U.S.N.,46 B rsa] Rolledtt : .2 |35,000 | 70,000 
Manganese Vana- 
dium: 
Cu 58.6, Zn 38.5, Al] Cold drawn... : : 50,600 81,400 
1.5 Mno.5, V 0.03. 
Nickel: Nickel sil- 
ver, Cu 60. a Zn 
31.8, Ni7.7. : : i 15,400 36,000 
German silver, 
Cu 61.6, Zn 17.2, 
INGG2K. 8 Ai. ts H ‘ { 18,800 40,900 
Cu 60.6, Zn 11.8, 
_, (Nees ecpnsespee : : .6 |23,700 | 53,500 
Fine wire: 
Cus58,Zn 24, Nir8} Drawn hard. .|8. } —  |150,000 
Nickel silver tf 
ial Tungsten: §§ 


Cu 61, Zn 38, Sn tr. Cast, sand....| — : H 15,700 42,600 
Naval brass, as above eos after roll- 


P 37,000 62,000 
Tobin bronze: as be- Cast ae es ks 8. 3]518 17. 6 ‘ 25,000 60,000 


8.4 1524|38.0 H 54,000 79,000 
Cu “a "on 43, Sn 2. ; —|-—| — : — 68,900 


For Footnotes see page 84. 
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86 TABLE 65 (continued). 
MECHANICAL PROPERTIES. 
TABLE 65.— Copper Alloys — Three (or more) Components. 


Ultimate 
strength 
strength. 


Alloy and approx. 
composition 
per cent. 


or weight. 


Condition. 


Tension, 
kg/mm2 


Brass, Tin — (continued): 
Rods:* 0 to 12.7 mm (3 in.) 
12.7 to 25.4 mm (1 in.) 


To bend 120° 
cold about 
radius equal 

over 25.4 mm (in.) diam.. to diameter. 

Shapes, all zi 

Plates to 12.7 mm (3 in.) ; ; 5 5 ; re 
over 12.7 mm (3 in.) thick ve 
Tubing (wall thickness) o to 
Bea MMU Hi Me) e sa ss cterens 

3.2 to 6.4 mm (3 in.)..... 
over 6.4 mm (j in.)...... 

Vanadium: 

Victor bronze, 
V 0.03, Cu 58.6, Zn 38.5, 
Al 1.5, Fe 1.0 
U.S. Navy f 49B rb.... 

Bronze, Aluminum. ....... See Cu. Al 

Lead: 

Cu 89, Sn 10, Pb r _ 
Cu 88, Sn 10, Pb 2 — 


Cu 80, Sn 10, Pb 10 { Cast, sand. |8.8 
Cast, chill..| — 
Lead, Phosphor: 


60,000 —_ 
55,000 H — 
50,000 i 


Cold drawn 


92,000 ; 29.0 


55,000 ‘ _— 


22,000 

19,000 to] 30,000 to} 20.0 to} 26.0 to|65 to 
23,000 |35,000 |I5.0 |18.0 |70 
15,500 131,400 |13.5 |12.0 |63 
18,200 |35,200 4.5 3°55 


Cu 80, Sn to, Pb to, P trace 
Lead Zinc, Red brass: 
Cu 81,Sn 7, Pho, Zn3 


Cu 88, Sn 8, Pb 2, Zn 2 


16,000 
19,600 


30,000 
26,800 


19,000 f0} 30,000 to 


20,000 |35,000 


— 31,000 to 


37,000 


6.0 
IIo 


3-5 65 
ba OL a 


18.0 to] 24.0 to|50 to 


15.0 


20.0 to 


16.0 


22.0 155 
—= |ppike 
59 


Lead, Zinc Phosphor: 
Cw 73:2; Sn 212.3, Pb 12.0; 
Zn 2.5,P 1 
Manganese: 
Cu 88, Sn 10, Mn 2 
Nickel, Zinc: 
Cu 88, Sn 5, Nis, Zn 2 (r)... 
Cu 89, Sn 4, Ni4, Zn 3 (2)... 
Phosphor: 
Gulos;sn4.0, Plow... «2.5. 
GulSoySniro.sy bio: Siae ee eee 11.2 to}: 
Cu 80, Sn 20, P max. 1 ee 14.1 
Rods and bars §§ up to 12.7 
mini(Stina)isesis ees 
(minimum) over 12.7 mm 
to) 2524 mm) (Hi m.)S se 
Over 25.4 mm (1 in.)..... 
Sheets and plates §§ spring 


I5,000 |30,400 


12,800 }|27,200 


13,100 
II,500 


40,700 
39,700 


40,000 |65,000 
16,000 to] 31,000 to 
20,000 |35,000 


Required to 
bend cold 
through 120° 
about radi- 
us equal to 
thickness. 


42.2\|||156.2 |60,000 |80,000 
||60,000 


28.11|||142.2 | 
||| 55,000 


21.1|||||38.7 


40,000]| 
30,000] | 


— 90,000 


— 163.2 , 
17.6|||||35-£ |25,000|||||50,000 | 25.0 


iad 
Bronze, Phosphor: spring wir2, hard-drawn or hard-rolled (U. S. Navy Spec. 22 Ws, Dec. 1, 1915). Cugg, 
Sn min. 4.5, Zn max 0.3, Fe max. 0.1, Pb max. 0.2, P 0.05 to 0.50; max. elong. in 203 mm (8 in.) = 4 per cent. 


Min. tensile 
strength. 


kg/mm? Ib/in? 


Diameter 
(group limits). 


_ Min. tensile 
Diameter (group limits). strength. 


kg/mmz2 Ib/in? mm m. 


to 0.250 77-5 
to 0.375 74.0 


to 6.35 
to9.52 


Up to 1.59 mm or 0.0625 in 
Over 1.59 mm to 3.17 mm (0.125 in.).. 


135,000 
125,000 


I10,0co 
105,0c0 


* Specification Values, Rolled Brass, Cu 62, Zn 37, Sn 1, min. properties after U. S. Navy Spec., 4918. 
Specification Values: Jan. 3, 1916, Vanadium Bronze Castings, Cu 61, Zn 38, Sn max. 1 (incl. V). Mimima. 
Compressive P-limit 15.5 kg/mm? or 22,000 lb/in? 

§ Compressive P-limit 10.5 kg/mm? or 15,000 lb/in? and 28 per cent set for 70 kg/mm? or 100,000 lb/in? 

|| Ultimate compressive strength, 54.2 kg/mm? or 77,100 lb/in? (Cu 76, Sn 7, Pb13,Zn4). , 

{| Compressive P-limit 8.8 to 9.1 kg/mm? or 12,500 to 13,000 lb/in?, and 34 to 35 per cent set for 70 kg/mm? 

** Compression: ultimate strength 49.5 kg/mm? or 70,500 Ib/in? 

Tt Modulus of Elasticity: (1) 12,200 kg/mm? or 17,300,000 lb/in?; (2) 10,500 kg/mm? or 14,900,000 Ib/in? 

tf Compressive P-limit 17.6 to 28.1 kg/mm? or 25,000 to 40,000 lb/in? and 6 to to per cent set for 70 kg/mm? 

or 100,000 l|b/in? load. 

Specification Values: U. S. Navy 46 B sc, Mar. 1, 1917, Cu 85 to 90, Sn 6 to 11, Zn max. 4: Cast, Grade 1. — Im- 

purities max.o.8; min. tensile strength 31.6 kg/mm? or 45,000 lb/in? with 20 per cent elong. in 50.8 mm (2 in.). 

gl aie 2 Impurities max. 1.6; min. tensile strength 24.1 kg/mm? or 30,000 Ib/in? with 15 per cent elong. in 

50.8 mm (2 in.). 

$§ Specification Values: U. S. Navy 46B 14b, Mar. 1, 1916, Cu min. 94, Sn min. 3.5, P 0.50, rolled or drawn, 

||| Minimum yield points specified: for P-limits assume 66 per cent of values shown. 
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TABLE 65 (continued). 87 
MECHANICAL PROPERTIES. 
TABLE 65.— Copper Alloys— Three (or more) Components. 


Hardness. 


Ultimate 
strength 
Ultimate 


Alloy and approx. a 
composition. Condition. 
per cent. 
Tension, 


Cu 70, Zn 29.5, Sio.5.. . ql 
Zinc * Comp. ‘“G”.....|C : 6 : 12,200 | 38,900 |25.0 
Admiralty gun metal. . f ‘ 8,000 to} 32,000 to] 25.0 to 
Comm’c’l range... .. ; 5 12,C00 38,000 
Spec. values Wes i = 30,000 
Cu $8,.Sn8, Zn 4...... t F : j 11,000 39,200 
Cu 85, Sn 13, Zn 2 : _ 38,000 
Zinc, Lead 
Cuoo,Sn 6.5,Zn2, Pbr.5|Cast §........]| — ; ; 12,000 to] 34,000 to 
Rods and bars || up to : : 16,000 40,000 : 20.0 
12.7 mm (3 in.)..... : : 40,000 80,000 : Required to bend 
Over 12.7 mm to 25.4 cold through 
mm (zr in.) : ‘ 37,500 75,000 : -120° about ra- 
Over 25.4 mm (rin.).. : ; 35,000 72,000 : dius equal to 
Shapes,|| all thicknesses : : 37,500 75,000 : thickness. 
Sheets and plates,||o to 
12.7 mm (3 in.)..... : 39,0009] | 78,000 
over 12.7 mm (#in.).. : 37,500 75,000 
AluminumTin: 
Cu 88.5, Al 10.4, Sn 1.2/Cast, chill... . : 36,700 68,000 
Aluminum Titanium: 


19,800 74,000 
Cu go, Al 10 
Ree : 40,500 |105,200 i : 262 
Cu 89, Al1o, Fer : 20,000 to] 65,000 to}3o. f 93 to|25 to 
25,000 80,000 i i Ioo =6(|26 
Lead: 


Cu 71.9, Pb 27.5, Sno.5|Cast A — 6,000 to 
6,600 
Nickel, Aluminum: 


No.7 H 63,300 |128,000 
Cu 85, Sn 5; x 15,000 to] 27,000 to 
19,000 33,000 
I5,000 to] 23,000 to 
19,000 277,000 
Zinc, Phosphor 
(‘* Non Gran’’) 
Cu 86, Sn 11, Zn 3, Ptr.|Cast ; : 19,000 35,000 
Vanadium, See Brass, 
Vanadium. 
Copper, Aluminum or 
uminum Bronze: 


Cast, sand || ||.|7.5—] 468-13. 19,800 to] 72,700 to 


7-45|465 |23.3  |60.0 133,200 | 85,500 
@ii'o2.5, Al 7.2..:..... Rolled, and} — | — ‘ i 9,600 53,500 


ann. 
Aluminum, Iron or Sill-] Wrought —}— ; 
man bronze (o =| — B 5 I1I,500 78,850 


14,000 84,400 


Cu 86.4, Alg.7, Fe3.9..} Cast, sand.. 
Quenched 
850° C. 
Cu 88.5, Al 10.5, Fe r.0. drawn 
OOu Genes 


20,000 77,000 


* Gov’t. Bronze: Cu 88, Sn 10, Zn 2 (values shown are averages for 30 specimens from five foundries tested at the 
Bureau of Standards). 
Compressive P-limit to.5 kg/mm? or 15,000 Ib/in? with 29 per cent set for 70 kg/mm? or 100,000 |b/in? load. 
Values from same series of tests as first values for ‘‘ 88—10—2,” averages for 26 specimens from five foundries tested 
at Bureau of Standards. 
Compressive P-limit 9.1 kg/mm? or 13,000 Ib/in? with 34 per cent set for 70 kg/mm? or 100,000 |b/in? load. 
| Specification minimums: U. S. Navy 46B17, Dec. 2, ror8, for hot-rolled aluminum bronze, Cu 85 to 87, Al 7 
to 9, Fe2.5 to 4.5. Specification values under P-limit are for yield point. 
{| Two and six tenths per cent increase in strength up to 762 mm (30 in.) width. 
Oy Compressive P-limit: cast, 14.1 kg/mm? or 20,000 lb/in? with 11.4 per cent set at 70 kg/mm? or 100,000 Ib/in? 
+t Compressive P-limit: cast, 12.7 to 14.1 kg/mm? or 18,000 to 20,000 Ib/in? with 13 to 15 per cent set at 700 kg/mm? 
Or 100,000 lb/in? load. 
tt Modulus of elasticity 14,800 kg/mm? or 21,150,000 Ib/in? 
Compressive P-limit 8.4 kg/mm? or 12,000 lb/in? with 36 per cent set for 70.3 kg/mm?, or 100,000 Ib/in? load. 
| || High values are after Jean Escard ‘‘ L’Aluminum dans L’Industrie,” Paris, 1918. Compressive P-limit 13.5 
g/mm? or 19,200 lb/in? with 13.5 per cent set for 70.3 kg/mm? or 100,000 lb/in? load. 
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MECHANICAL PROPERTIES. 
TABLE 66.— Miscellaneous Metals and Alloys. 


Ultimate 
strength. 
P-limit. 
Ultimate 


Metal or alloy. 
Approx. composition, Condition. 
per cent. 


* Cobalt, Co 99.7...... } 


Gold, Au 100 


Copper, Au go, Cu to.... 
Copper, Silver, Au 58, Cu 
30 Ag 12 Drawn hard — 
Lead, Pbt (OC ie, Reese il bi 710 
Rolled hard i 711 
(Commici it = ck. eos 


alicia 
he eo | 


rs) 
ao 
Q 
fe) 
Oo 


Antimony {Pb95.5,Sb4.5 : 655 
Magnesium, Mg 109 23.2 


Nickel) Nvo8is225.).-n0c 8 ; 518 26.7|23,800 **] 38,000] 5. 
i Wrought, ann....| 8. 543 29.9|17,900 42,500]I11. 
Wrought, com. = 46.0] — 65,000] — 
Rolled hard, “ —_ 64.7, — 92,000|11.0 
Rolled ann. ‘“ —_— 53-4 — 76,000]35.0 
Drawn hard, D = 


Eh 


Wetec: 
t 
on 


ee aE Dn 1 


LIPISL ILL TP ol 


109.0} — 155,000) — 
Copper, iron, manganese 
or Monel metal: - 
: , 21.2 49.3]30,100 70,000]18.0 
Ni67, Cu 28, Fe3, Mn2. 55.1 73.8|78,400 |104,900131.3 
Ni 66, Cu 28, Fe 3.5, Mn 28.3 64.8] 40,300 92,200] 46.3 


2.5 
Ni71, Cu 27, Fe2§ Drawn hard — |r12.5| — 160,000] — 
46 Mia || Cast, minimums. 22.8 **) 45.7/32,500 **| 65,000|25.0 
6 M7bi| Rolled, min., rods 
% ? and bars J... . 28.1 **! 56.2|40,000 **| 80,000/32.0 
Rolled, mini- 
mum, ___ sheets 
and plates.....] — | — 
§ |Palladium, Pd Deen hard 755 
F rawn har 2z.5 |1342 
Platinum, Pt Drawn ann......} — | — 


45.7|30,000 65,000]15.0 
27.0 39,000] — 
37-3 53,000!18.0 
24.6 35,000]}50.0 
28.1 40,000) — 
36.0 51,200} — 
77.0 109,500] — 
QI.0 130,000] — 

2.8] I, 4,000]35.0 

3-7 5)300}) 

7.0 10,000} — 


bd 
H 


olla delet 


Silver, Ag 100. 


Copper, Ag 75, Cu2s.... 
Tantalum, Ta 


Tin, Sn o99.8tf 


leaked ait Al 


g 


al 
FlolIS lexi 


LAS IA tel 


Antimony, Copper, Zinc 
(Britannia Metal): 
Sn 81, Sb 16, Cu 2, Zn tr. 
Zinc, Aluminum, etc. 
(aluminum solder): 
Sn 63, Zn 18, Al 13, Cu 
3, Sb 2, Phx Ns 14,500] 1.9 
Sn 62, Zn 15, Al 11, Pb 
8, Cu3, Sbr f 13,000] 1.6 
Zinc, aluminum: 
Sn 86, Zn og, Al5 i H I2,200]41.0 
Aluminum, zinc, cad- 


mium: 
Sn 78, Alo, Zn 8,'Cd 5. E 14,300]18.0 


Antimony: Modulus of Elasticity 7960 kg/mm? or 11,320,000 lb/in® (Bridgman). 

* Compressive strength: cast and annealed, 86.0 kg/mm? or 122,000 lb/in™ Mee 

Comm’c’l. comp., C 0.06, cast, tensile, ultimate, 42.8 kg/mm? or 61,000 lb/in?, with 20 per cent elongation in 50.8 
or 2 in. Compression, ultimate 123.0 kg/mm? or 175,000 |b/in? : J 

Stellite, Co 59.5, Mo 22.5, Cr 10.8, Fe 3.1, Mn 2.0, Co.9, Sio.8. _Brinell hardness 512 at 3000 kg. density 8.3. : 

T Modulus of elasticity, cast or rolled, 492 kg/mm? or 700,000 Ib/in?; drawn hard 703 kg/mm? of 1,000,000 |b/in 

t For compressive test data on lead-base babbitt metal, see table following zinc. 

§ Modulus of elasticity 15,800 kg/mm? or 22,500,000 |b/in®. ' é 

|| Specification values, U. S. Navy, Monel metal, Ni min. 60, Cu min. 23, Fe max. 3.5, Mn max. 3.5, C + Si max. 
0.8, Al max. 0.5. £ 

‘| Values shown are subject to slight modifications dependent on shapes and thicknesses. 

Pa bee are for vied! pom ks/ . tb /int 

‘ompressive strength: cast, 4.5 kg/mm? or 6,400 in , Ae 
Modulus of chctieiiy? cast av. 2,810 kg/mm? or 4,000,000 lb/in?; rolled av. 401.0 kg/mm? or 5,700,000 |b/in? 


SMITHSONIAN TABLES, 


TABLE 67. 8 
MECHANICAL PROPERTIES. ‘ 9 


TABLE 67.— Miscellaneous Metals and Alloys. 
(a) TUNGSTEN AND ZINC. 


Hardness. 


ee or weight. 
approx. Condition. 
comp. 

per cent. : Tension, Tension, 


c a 
Density E 
a 


Ultimate 
Ultimate 
strength. 


Per cent 


Brinell @ 


Ingot sintered, 
D = 5.7 mmoro.22 in. 
Swaged rod, 
D =0.7 mmoro.o3 in. 
Drawn hard, 
Tungsten, | | D = 0.029 

W 00.2 * 0.00114 In 

Swaged and drawn hot 
97.5% reductionf.. . 233,500 

Same as above and 


equiaxed at 2000°C 
168,000 


(Impurities Pb, Fe and Cd) 


Coarse crystalline.... : 4,000 to 
Fine crystalline i —_— 12,000 
Rolled (with grain or 

direction of rolling) . 2 H 2,900 27,000 
Rolled (across grain or 

direction of rolling). ; : 5,800 36,000 
Drawn hard : : _ 10,000 


* Commercial composition for incandescent electric lamp filaments containing thoria (ThO2) approx. 0.75 per cent 
after Z Jeffries Am. Inst. Min. Eng. Bulletin 138, June, 1918. 

+ After Z. Jeffries Am. Inst. Min. Eng. Bulletin 149, May, roro. 

t Ordinary annealing treatment makes W brittle, and severe working, below recrystallization or equiaxing tempera- 
ture, produces ductility W rods which have been worked and recrystallized are stronger than sintered rods. The 
equiaxing temperature of worked tungsten, with a 5-min. exposure, varies from 2200° C fora work rod with 24 per cent 
reduction, to 1350° C for a fine wire with roo per cent reduction. Tungsten wire, D = 0.635 mm or 0.025 in. 

§ Compression on cylinder 25.4 mm (1 in.) by 65.1 mm (2.6 in.), at 20 per cent deformation: 

For spelter (cast zinc) free from Cd, av. 17.2 kg/mm? or 24,500 |b/in®. 

For spelter with Cd 0.26, av. 27.4 kg/mm? or 39,000 Ib/in?. (See Proc. A. S.T. M., Vol 13, pl. ro.) 

Modulus of rupture averages twice the corresponding tensile strength. 

Shearing strength: rolled, averages 13.6 kg/mm? or 194,000 Ib/in®. 

Modulus of elasticity: cast, 7,750 kg/mm? or 11,025,000 lb/in? 

Modulus of elasticity. rolled, 8450 kg/mm? or 12,000 000 lb/in?. (Moore, Bulletin 52, Eng. Exp. Sta. Univ. of Ill.) 


(6) Wuite Metat Bearinc Attoys (BApBitr METAL). 
A. S. T. M. vol. xviii, I, p. gor. 
Experimental permanent deformation values from compression tests on cylinders 31.8 mm (r} in.) diam. by 63.5 mm 
(23 in.) long, tested at 21°C (70° F.) (Set readings after removing loads.) 


Permanent deformation @ 21° C Hardness. 
Formula, 5 —— 
per cent. 7 @ 454kg @ 2268kg | @ 4536kg = 
= 1000 lb. = 5000 |b. = 10,000 lb. 


——— | 


0.0000 
.0000 
.0010 
.0005 
.0010 


-OO015 
.OO10 
.0020 
.0040 
.0910 
.0010 
0.0025 


*U S. Navy Spec. 46M 2b (Cu 3 to 4.5, Sn 88 to 89.5, Sb 7.0 to 8.0) covers manufacture of anti-friction-metal castings. 
(Composition W.) 
Ogee — See aiso Brass, Lead (yellow brass), Brass, Lead-Tin (Red Brass); Bronze, Phosphor, etc., under Copper 
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MECHANICAL PROPERTIES. 
TABLE 68.— Cement and Concrete. 


(a) CEMENT. 


CEMENT: Specification Values (A. S.T.M. Co to 17, Cro to o9, and Co to 16T). 

Minimum strengths based on tests of 645 mm? (1 in*) cross section briquettes for tension, 
and cylinders 50.8 mm (2 in.) diameter by 101.6 mm (4 in.) length for compression. Mortar, 
composed of 1 part cement to 3 parts Ottawa sand by volume; specimens kept in damp 
closet for first 24 hours and in water from then on until tested. 


, Tension. i 
Cement Specific eh Os Compression. 


(1: 3 mortar tested). gravity. 


kg/mm? lb/in? Ib/in? 


1,200 
2,000 


Natural Av : .03 50 
Natural 0.09 125 


(b) CEMENT AND CEMENT MORTARS. 


CEMENT AND CEMENT Mortars. — Bureau of Standards Experimental Values. Com- 
pressive Strengths of Portland cement mortars of uniform plastic consistency. Data from 
tests on 50.8 mm (2 in.) cubes stored in water. Sand: Potomac River, representative con- 
crete sand. 


Cement. | Sand. Water Compressive strength. 
: er cent. 
Proportions by volume. P 


OONHWNHPW OAL 


Note. — (From Bureau of Standards Tech. Paper 58.) Neat cement briquettes mixed at 
plastic consistency (water 21 per cent) show 0.52 kg/mm? or 740 lb/in* tensile strength at 28 
days’ age; 

1 Cement: 3 Ottawa sand-mortar briquettes, mixed at plastic consistency (water 9 per 
cent) show 0.28 kg/mm? or 400 lb/in? tensile strength at 28 days’ age. 
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TABLE 68 (continued). QI 
MECHANICAL PROPERTIES. 
(c) CONCRETE. 


Concrete: Compressive strengths. Experimental values for various mixtures. Results compiled by Joint 
Committee on Concrete and Reinforced Concrete. Final Report adopted by the Committee July 1, 1916. 
Data are based on tests of cylinders 203.2 mm (8 in.) diameter and 406.4 mm (16 in.) long at 28 days age. 


American Standard Concrete Compressive Strengths. 


Mix. 
Aggregate. Units. —————————— 
4 1:6 I: 74 1:9 


Granite, trap rock........ kg/mm? 2.3 2.0 el nes 1.0 
Ib/in? 3300 2800 2200 1800 1400 
Gravel, hard limestone and 
hard sandstone......... kg/mm? a. 1.8 1.4 me 0.9 
Ib/in® 3000 2500 2000 1600 1300 
Soft limestone and _ soft 
AMES UEC nse ht, cident war kg/mm? ory P3 1 ae 0.8 On 
Ib/in? 2200 1800 1500 1200 I000 
RB UNG OLS ape pranciaaens/eife/sueueroloyasays kg/mm? 0.6 0.5 0.4 0.4 Gea 
Ib/in? 800 700 600 Boos ||, 400 


iene — Mix shows ratio of cement (Portland) to combined volume of fine and coarse aggregate (latter as 
shown). 

Committee recommends certain fractions of tabular values as safe working stresses in reinforced concrete 
design, which may be summarized as follows: 

Bearing, 35 per cent of compressive strength; 

Compression, extreme fiber, 32.5 per cent of compressive strength; 

Vertical shearing stress 2 to 6 per cent of compressive strength, depending on reinforcing; 

Bond stress, 4 and 5 per cent of compressive strength, for plain and deformed bars, respectively. 


Modulus of Elasticity to be assumed as follows: 


Assume modulus of elasticity. 


Ib/in? 


For concrete with strength. 


Ib/in? 


kg/mm? kg/mm? 


up to 800 530 750,000 


up to 0.6 

O20: tor.’5 800 to 2200 1400 2,000,000 

Teh tOn2).O 2200 to 2900 1750 2,500,000 
over 2.0 over 2900 2100 3,000,000 


(See Joint Committee Report, Proc. A. S. T. M. v. XVII, 1917, p. 201.) 


Eprror’s Nore. — The values shown in the table above are probably fair values for the compressive strengths 
of concretes made with average commercial material, although higher results are usually obtained in laboratory 
tests of specimens with high grade aggregates. Observed values on 1: 2:4 gravel concrete show moduliof 
elasticity up to 3160 kg/mm? or 4,500,000 lb/in? and compressive strengths to 4.2 kg/mm? or 6000 I|b/in? 

Tensile strengths average 10 per cent of values shown from compressive strengths. 

Shearing strengths average from 75 to 125 per cent of the compressive strengths; the larger percentage 
representing the shear of the leaner mixtures (for direct shear, Hatt gives 60 to 80 per cent of crushing strength). 

Compressive strengths of natural cement concrete average from 30 to 40 per cent of that of Portland 
cement concrete of the same proportioned mix. 

Transverse strength: modulus of rupture of 1 ; 2}: 5 concrete at 1 and 2 months equal to one sixthcrushing 
strength at same age (Hatt). 

Weight of granite, gravel and limestone, 1: 2: 4 concretes averages about 2.33 g/cm? or 145 lb/{t?; that of 
cinder concrete of same mix is about 1.85 g/cm or 115 |b/{t8 ‘ 


Concrele, 1: 2:4 Mix, Compressive Strengths at Various Ages. 


Experimental Values: one part cement, two parts Ohio River sand and four parts of coarse aggregate as 
shown. Compressive tests made on 203.2 mm (8 in.) diameter cylinders, 406.4 mm (16 in.) long. (After Pitts- 
burgh Testing Laboratory Results. See Rwy Age, vol. 64, Jan. 18, 1918, pp. 165-166.) 


Age. 
Coarse aggregate. Unit. or 
14 days. 30 days. 60 days. 180 days. 
MORTAL Ree tosesc eye. a ote) csh= kg/mm? 
Ib/in? 
PRIMIESHONEs pts 'cce cis. sive cen kg/mm? 
Ib/in? 
grap TOCKs..c70 ss 6 vss oe wel kg/mm? 
Ib/in? 
IGTAMITC 00-2 2. ie hatter tat kg/mm? 
Ib/in? 
PPPS, i Se a ie oe ses Lae kg/mm? 
Ib/in? 
BAPWINO sr 'o/) or. aisievre See kg/mm? 
Ib/in? 


Nore. — Maximum and minimum test results yaried about 5 percent above or below average values shown above. 
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TABLE 69. 
MECHANICAL PROPERTIES. 
TABLE 69.— Stone and Clay Products. 


Q2 


(a) STRENGTH AND STIFFNESS OF AMERICAN BUILDING STONES.* 


: Flexure. Shear. © 
Compression. Modulus of Ultimate Flexure, 
Weight, Ultimate strength, rupture. strength. modulus of elasticity. 
a) et ee eee a Bk dr ae 
Average. 


Be 
me 


per cent. 


Ib/in® 


Granite...} 2. 15 | 14. 20/20,200 I.15|1600] 30 |1.60]2300 5300]7,500,000 
Marble. ..} 2. 8.85}12,600 1.05|1500] 50 |>.90/1300 5750]8,200,000 
Limestone] 2. 6.30] 9,000 0.85|1200]100 |1.00]/1400 5900|8,400,000 
Sandstone.| 2. 8. 80]12,500 I.05]1500] 55 |1.20/1700 2300] 3,300,000 


* Values based on tests of American building stones from upwards of twenty-five localities 
made at Watertown (Mass.) Arsenal (Moore, p. 184). Each value shown under “ Range’ 
is one half the difference between maximum and minimum locality averages expressed as 
a percentage of the average for the stone. 


(b) StRENGTH AND STIFFNESS OF BAVARIAN BurLpING SToNE.* 


: noe Tlexure. Shear. Flexure. 
Cie Modulus of Ultimate Modulus of 
Weizht, emneite Stay rupture. Strength.t elasticity. 
PIVOTS: 6 eer a el eee 


Average. erage. s Average. : Average. 


Granite. .| 2.66 | 165 |13.'70|19,500 ; 1.00]1420 

Marble ft. | 2.16 5.60] 8,000 : 0.45] 620 3450|4.,900,000 
Limestone] 2.48 5 | 8, 10!11,500 ; 0.60] 870 2350|3,350,000 
Sandstone} 2.30 8.10/11,500] 75 Jo. 55 |0.50] 680 2500] 3,550,000 


* Values based on careful tests by Bauschinger, “Communications,” Vol. 10. 
} Shearing strength determined perpendicular to bed of stone. 
{ Values are for Jurassic limestone. 


GrenerAL Norres,— 1. Later transverse strength (flexure) tests on Wisconsin building stones 
(Johnson’s ‘Materials of Construction,” 1918 ed., p. 255) show moduli of rupture as follows: 
Granite, 1.90 to 2.75 kg/mm? or 2710 to 3910 lb/in®; limestone, 0.80 to 3.30 kg/mm? or 1160 to 
4660 lb/in?; sandstone, 0.25 to 0.95 kg/mm? or 360 to 1320 lb/in®. : 

2. Good slate has a modulus of rupture of 4.90 kg/mm? or 7000 |b/in® (loc. cit., p. 257). 
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TABLE 69 (continued). 
MECHANICAL PROPERTIES. 


TABLE 69.— Stone and Clay Products. 


(c) SrreNcTHs OF AMERICAN BurLpinG Bricks.* 


Absorption Compression. Flexure. 


Brick — description. average 
per cent. 


RO LABSE AS CV IEDINEG) ioc dscscisieie's v8 « 
Class B (Hard burned).......... 
Class C (Common firsts)......... 
ROlacs HON (COMMON) iret vie es. cs 4 - 


* After A. S. T. M. Committee C-3, Report 1913, and University laboratories’ tests 
for Committee C-3 (Johnson, p. 281). 


(d) STRENGTH IN COMPRESSION OF BRICK PrERS AND OF TERRA-COTTA BLOCK PIERS. 
Tabular values are based on test data from Watertown Arsenal, Cornell University, 
U. S. Bureau of Standards, and University of Ill. (Moore, p. 185). 


: Compression.* 
Brick or block used. Mortar. Av. ult. strength. 


kg/mm? Ib/in? 


WATUINTECUDLICK s 8 ce wate sua ayes 1 part P.f cement : 3 parts sand....)] 1.95 2800 
Pressed (face) brick.......... 1 part P. cement : 3 parts sand.....] 1.40 2000 
Pressed (face) brick.......... rt part lime : 3 parts sand.......... ; 1400 
RE OEITMIONOLIG Kees x aists vie. se ss 1 part P. cement : 3 parts sand..... ‘ 1000 
CEMUNTMOMID TICK. ena. de'e's iy o> 09 ni jofshyn nboatehy 3 joyslvap tv isfeh es la VE aed peut : 700 
ierpa-cotta brick... .....+.. 1 part P. cement : 3 parts sand..... 3000 


* Building ordinances of American cities specify allowable working stresses in com- 
pression over bearing area of 12.5 per cent (vitrified brick) to 17.5 per cent (common 
brick) of corresponding ultimate compressive strength shown in table. 

{ P. denotes Portland. 


(e) STRENGTH OF COMPRESSION OF VARIOUS BRICKS. 
Reasonable minimum average compressive strengths for other types of brick than 
building brick are noted by Johnson, “Materials of Construction,” pp. 289 ff., as follows: 


Brick. kg/mm? lb/in? 


RTE AER ane cars rs yahs sain Seat ou/d Biiayeuh\ dvaitenw Mar eiinde sass. eh 2.10 3000 


Berra Pee (CLO IIGID)\ avesaseiviierssove, » 5:09 a erejie'aiein oa ianspeia@ 1.53 2180 (av. 255 tests) 


[MEGA TTIOS, cree ce HES a ROCRER POGUE ER CCE TOL 5.60 8000 
See MOLDS Grete eat) Air Riesavelb. 3 (sire ts @-acacolh soca elt: Cress 0.70 1000 
BP REAIEAT ETT GLOW caters: 6.4; <r aeaales da 0 Qian Duane) olerese een oy 1.40 2000 


Min. ult. strength. Min. modulus rupture. 


kg/mm? Ib/in? kg/mm? lb/in? 


93 


The specific gravity of brick ranges from 1.9 to 2.6 (corresponding to 120 to 160 lb/ft*). 


Building tile: hollow clay blocks of good quality, — minimum compressive strength: 
0.70 kg/mm? or 1000 lb/in?. Tests made for A. S. T. M. Committee C-10 (A. S. T. M. 
Proc. XVII, I, p. 334) show compressive strengths ranging from 0.45 to 8.70 kg/mm? 
or 640 to 12,360 lb/in? of net section, corresponding to 0.05 to 4.20 kg/mm? or 95 to 6000 
lb/in? of gross section. Recommended safe loads (Marks, ‘Mechanical Engineers’ 
Handbook,” p. 625) for effective bearing parts of hollow tile: hard fire-clay tiles 
0.06 kg/mm? or 80 |b./in?; ordinary clay tiles 0.04 kg/mm? or 60 lb/in®; porous terra- 
cotta tiles 0.03 kg/mm? or 4o lb/in.2. The specific gravity of tile ranges from 1.9 to 2.5 
corresponding to a weight of 120 to 155 lb/ft’. 
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94 TABLE 70. 
MECHANICAL PROPERTIES. 
TABLE 70.— Rubber and Leather. 


(a) RuBBER, — SHEET.* 


Ultimate strength. Ult. elongation. Set.t 


Longitudinal. Transverse. Longit. | Transv. | Longit. Transv. 


lb/in? kg/mm? Ib/in? per cent. per cent. 


7-3 

6.0 5.0 

16.3 

24.0 

0.36 25.0 
0.48 25.9 


* Data from Bureau of Standards Circular 38. 
} Longitudinal indicates direction of rolling through the calendar. 
t Set measured after 300 per cent elongation for 1 minute with 1 minute rest. 


The specific gravity of rubber averages from 0.95 to 1.25, corresponding to an average weight 
of 60 to 80 lb/ft®. 

Four-ply rubber belts show an average ultimate tensile strength of 0.63 to 0.65 kg/mm? or 
890 to 930 lb./in? (Benjamin), and a working tensile stress of 0.07 to o.11 kg/mm? or 100 to 150 
Ib./in? is recommended (Bach). 


(b) LEATHER, — BELTING. 
Oak tanned leather from the center or back of the hide: 


Minimum tensile strengths of belts { single 2.8 kg/mm? or 4000 lb./in? 
(Marks, p. 622) double 2.5 kg/mm? or 3600 Ib./in? 


Maximum elongation for one hour application of | single 13.5 per cent 
1.6 kg/mm? or 2250 lb./in? stress double 12.5 per cent. 


Modulus of elasticity of leather varies from an average value of 12.5 kg/mm? or 17,800 Ib/in? 
(new) to 22.5 kg/mm? or 32,000 lb./in? (old). 

Chrome leather has a tensile strength of 6.0 to 9:1 kg/mm? or 8500 to 12,900 Ib/in?. 

The specific gravity of leather varies from 0.86 to 1.02, corresponding to a weight of 53.6 
to 63.6 lb./ft®. 
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TABLE 71. 9 5 
MECHANICAL PROPERTIES. 


TABLE 71.— Manila Rope. 


Manila Rope, Weight and Strength — Specification Values. From U.S. Government Stand- 
ard Specifications adopted April 4, 1918. 

Rope to be made of manila or Abaca fiber with no fiber of grade lower than U. S. Govern- 
ment Grade I, to be three-strand,* medium-laid, with maximum weights and minimum strengths 
shown in the table below, lubricant content to be not less than 8 nor more than 12 per cent of 
the weight of the rope as sold. 


Minimum breaking 
strength. 


Approximate 


diameter Circumference. Maximum net weight. | 


1, lH 
ol 
et 


eT 
H 


tat Colet t)_ colo 
wn oF 
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o 
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OnNK MONHHO WAH? 
Leal 


ONO Os OF0 OO CF OF ORO 
9000090009090 9 9 


Cola HA Hlco colon 4, 
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HOH 
oo! 
vo an 

ww 


w 
[CO bap | 


<1. 
1 
1s 
2 
4 


H 
Ww 


lex 


Se Se 


HoH 
CONwWBOA 


weleo coky | Ral cole 
of? 


Leal 


* Four-strand, medium-laid rope when ordered may run up to 7% heavier than three-strand 
rope of the same size, and must show 95 % of the strength required for three-strand rope of the 
same size. 
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96 MECHANICAL PROPERTIES. TABLE 72.— Hardwoods Grown in U. S. (Metric Units). 


Impact bend- 
Specific ing. 
gravity, (oS ae = 

oven-dry, Parallel 
based on to grain. 


Compression. Shear. Ten- Hardness. 


Static bending. pind 


» 


4 — 


7| Common and botanical i 3m 


name, 


Load to “ea | 
Teal | 


kg/mm? 


vol. | vol. 
when | oven- 
green.| dry. 


limit | mate. 


Modulus of 
elasticity, kg/mm? 

grain P-limit, 

grain ult. st. 


Modulus of 
rupture, kg/mm? 


P- | Ulti- 


P-limit, kg/mm? 
P-limit, kg/mm? 
22.7 kg hammer 
fall for failure—m 
Perpendicular to 
Parallel to grain 
ult. st, kg/mm? 
Perpendicular to 


kg/ mm? 
4 5 


| 
oo 
o 
i 
ne 


| Alder, red 
(Alnus oregona) 
Ash, blac 
(Fraxinus nigra) 

Ash, white (forest grown). . 
(Fraxinus americana) 
Ash, white (second growth) 
(Fraxinus americana) 


oo 
wo 
° 


(Populus tremuloides ) 
Basswood 


(Fagus atropunicea) 
Birch, paper 

(Betula papyrifera) 
Birch, yellow 

(Betula lutea) 
Butternut 

(Juglans cinerea) 
Cherry, blac 

(Prunus serotina) 
Chestnut 

(Castanea dentata) 
| Cottonwood 

(Populus deltoides) 
Cucumber tree 

(Magnolia acuminata) 
Dogwood (flowering) 

(Cornus florida) 
Elm, cork 


Gy iE lot 6s 3Gs Se 


(Ulmus americana) 
Gum, bl 

(Eucalyptus globulus) 
Gum, cotton 

(Nyssa aquatica) 
Gum, red 

(Liquidambar styraciflua) 
Hickory pecan 

(Hicoria pecan) 
Hickory, shagbark 

(Hicoria ovata) 
Holly, American 

(Ilex opaca) 
Laurel, mountain 

(Kalmia latifolia) 
Locust, black 

(Robinia pseudacacia) 
Locust, honey. 

(Gleditsia triacanthos) 
Magnolia (evergreen)...... 

(Magnolia foetida) 
Maple, silver 

(Acer saccharinum) 
Maple, sugar 

(Acer saccharum) 
Oak, canyon live 
Bs ees chrysolepsis) 

ak 


OO a Ot Sa ON ON Ot Sar (00) er Gs 


J Ol Gt ie ss 


ao -_ 


(Gece alba) 
Persimmon ; 
(Diospyros virginiana) | 
Poplar, yellow 
(Liriodendron tulipifera) 
Sycamore ‘ ‘ : ; ; : : ¥ : ‘ , | 
’ 


(Platanus occidentalis) 
Walnut, black 

(Juglans nigra) 
Willow, blac 

__ (Salix nigra) 


Nore. — Reus of tests on sixty-eight species; test specimens, small clear pieces, 50.8 by 50.8 mm in section, 762 mm long 
for bending; others, shorter. Data taken from Bulletin 556, Forest Service, U. S. Dept. of Agriculture, containing data on 130, 
tests. See pages 87 and og for explanation of columns. 
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MECHANICAL PROPERTIES. TABLE 73.— Conifers Grown in U. S. (Metric Units). 07 


ass tea Compression. Ten- | tardness. 


ic bending. 
eoaiie Static ng. 
gravity, 
oven-dry, 
based on 


Parallel 
to grain. 


2 
grain 


, kg/mm2 


Common and botanical 
name. —— 

p- Ulti- 
vol. ; vol. limit. int 


when | oven- 


Modulus of 
Modulus of 
elasticity, kg/mm? 
P-limit, kg/mm? 
22.7 kg hammer 
fall for failure —m. 
Perpendicular to 
grain P-limit 
Perpendicular to 
grain ult. st. 


Parallel to 


ult. st 


1 


Cedar, incense 
(Libocedrus decurrens) 
Cedar, Port Orford, 
(Chamaecy paris lawsoniana) 


(Thuja peiegie) 
SM white 
ea peas) 
Ic ress, b 
aenuee distichum) 
ir, amabilis 
| (Abies amabilis) 


\Fi balsam 

i (Abies ak ines) 

\Fir, Douglas (r) 

‘ (Pseudotsuga aia 
i 

| 


nN 


ir, Douglas (2) 
(Pseudotsuga taxifolia) 
Fir, grand. 
(Abies grandis) 


bl 
(Abies nobilis) 
| |Fir, white 
' (Abies concolor) 
|| Hemlock, eastern 
(Tsuga canadensis) 
| Hemlock, western 
(Tsuga heterophylla) 
March, western 
Larix occidentalis) 
Pine, C 
Pinu Eeerepilia) 
Pine, loblolly 
(Pinus taeda) 
'|Pine, lodgepole 
|| (Pinus contorta) 


|Pine, longleaf 
(Pinus palustris) 
Pine, Norway 
(Pinus resinosa) 
i | Pine, pitch 
(Pinus rigida) 
Pine shortleaf 
pi (Pinus echinata) 


On Aan Pp Ph RP HA wD A FR 


i Pteas lambertiana) 
ine, western white 

(Pinus monticola) 
Ipite western yellow.. 
| (Pinus ponderosa) 


Pine, white. . 
> egal sirobus) 


(Larix laricina) 


‘ 
| | (Taxus brevifolia) 


ratory, Madison, Wisconsin. Bulletin 556 records results of tests on air-dry timber also, but only data on green timber are shown, 

the ag are based on a larger number of tests and on tests which are not influenced by variations in moisture content. The 

strength of dry material usually exceeds that of green material, but allowable working stresses in design should be bas-_d on strengths 

green timber, inasmuch as the increase of strength due to ‘drying i is a variable, wncertain factor and likely to be offset by defects. 
All test specimens were two inches square, by lengths as shown. 


__ Cotumn Notes. — 2, Locality where grown, — see Tables 74and 75; 3, Moisture includes all matter volatile at 100° C expressed 
per cent of ordinary weight; 5, Weight, air dry is for wood with 12 per cent moisture; for density, see metric unit tables 72 and 
73} 6-10, 762 mm (30 in.) long specimen on 711.2 mm (28 in.) span, with load at ceater. 
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Notr. — The data above are extracted from tests on one hundred and twenty-six species of wood made at the Forest Products 
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98 MECHANICAL PROPERTIES. TABLE 74.— Hardwoods Grown in U. S. (English Units). 


| 


Static bending. fone Compression. | Shear. 


AY | 
oo 
Sac 


Weight. 


Common and botanical Locality ; 
name. where grown. Air- 


Green. dry. 


Moisture content, 
green, per cent. 
Modulus of 
P-limit, lb/in? 


P-limit, Ib/in? 
ult. st. lb/in? 


Ib/{t8 


ticity 1000 X Ib/in? 
Perpendicular to 


Modulus of elas- 
Parallel to grain, 
[es . 
a He st. lb/in® 


| | | [S| | 


(Alnus oregona) 
Ash DIAG tine inst obeoles 
(Fraxinus nigra) Wis. 
Ash, white (forest grown).|Ark. and W. 
(Fraxinus americana) . 
Ash, white (2d growth).. 
(Fraxinus americana) 


(Tilia americana) 
Beechivcaucneh ates com Ind. and Pa. 
(Fagus atropunicea) 
Bitch, DADED soi wctas alee Wis. and Pa. 
(Betula papyrifera) 
Birch. wellowiw. as a«ursiee 
(Betula lutea) 
BULternites spaces ica 
(Juglans cinerea) 
Cherry, black.......... 
(Prunus serotina) 
(Castanea dentata) 
Cottonwood............ 
(Populus deltoides) 
Cucumber tree......... 
(Magnolia acuminata) 
Dogwood (flowering)... . 
(Cornus florida) 
lmeicorieermararierecistetns 
(Ulmus racemosa) 
ln NWI nwiaicrecinievatntereis 
(Ulmus americana) 
(eqstreys1o) i Cpae nae nie ada: 
(Eucalyptus globulus) 
Gum "Cotton ness d.0e = 
(Nyssa aquatica) 
Gum bred erate wie tie, eyeretexei a 
(Liquidambar styraciflua) 
Hickory;pecan’.... <<. 
(Hicoria pecan) 
Hickory, shagbark...... O., Miss., Pa. 
(Hicoria ovata) and W. Va. 
Holly, American........|Tenn. 
(Ilex opaca) 
Laurel, mountain....... Tenn, 
(Kalmia latifolia) 
TCOCUSE DIAC anaes she mictas Tenn. 
(Robinia pseudacacia) 
Locust, honey.......... Mo. and Ind. 
(Gleditsia triacanthos) 
Magnolia (evergreen)....|La. 
(Magnolia foetida) 
Maple, silver........... Wis. 
(Acer saccharinum) 
Maple, sugar........0+- Ind., Pa. and 
Acer saccharum) Wis, 
Oars ppd she ar “8 ‘ 
uercus chrysolepsis 
Oak Ted Ns curcinis oveknn ater Ark., La., Ind. 
(Quercus rubra) 
Oakwhitelpneuecilecistste 
(Quercus alba) 
Persimmon snicsiciaareeleie/srs 
(Diospyros virginiana) 
Poplar, yellow.........+. 
(Liriodendr on tulipifera) 
Sv CAMOre ie iamieipvenkaneias 
(Platanus occidentalis) 
Walnut, black.......... 
(Juglans nigra) 


Note. — Results of tests on sixty-eight species; test specimens, small clear pieces, 2 by 2 inches in section, 30 inches long tor 
bending; others, shorter. Tested ina green condition. Data taken from Bulletin 556, Forest’Service, U. S. Dept. of Agriculture, 
containing data on 130,000 tests. See pages 97 and 9o9 for explanation of columns, 
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MECHANICAL PROPERTIES. TABLE 75.—Conifers Grown in U. S. (English Units). 


Static bending. * Compression. |Shear. 
S Weight. bending. 2 

28 »H Parallel| 8 Pulge 

ao ee e co Ps arallel| 8 g 8: 
. * ° os, 3 = s aa ors of. > 
Common and botanical | Locality | 34 Sf | 3d] ss] S  |tograin| 2 | 28} 33 
name. where grown.| & ™ Air a) rae |) SZ zo) sae] MS | sas 
Bq |Green dry. pees a on, 8] g= | ou 
29 Shea hes lt ea 3 | eal = eps Mace gy He 
os ‘g Be a2] 8 | limit. | 3.95 a2 18 
c 7 s » ~ 
Ib/ft2 a a | 22>] a —F5 | 83) 83 
3 Ib/in? | As Ay Ay = 

1 2 


Cedar, incense.......... 
(Libocedrus decurrens) 

Cedar, Port Orford...... 
(Chamaecyparis law- 

soniana) 

Cedar, western red...... 
(Thuja plicata) 

Cedar, white........ eee |W: 
(Thuja occidentalis) 

Cypress, bald.......... 

Taxodium distichum) 

EaAMAbiis........000. 0 

(Abies amabilis) 


Fir, Douglas (1)........ 
(Pseudotsuga taxifolia) 
Fir, Douglas (2)........ 
(Pseudotsuga taxifolia) 
Pir, gvand........ Arte em id 
(Abies grandis) 
Fir, noble....... Rlesiajete 
(Abies nobilis) 
IESWILG. 400s efascee ess 
(Abies concolor 
Hemlock (eastern)...... 
(Tsuga canadensia) 
Hemlock (western)...... 
(Tsuga heterophylla) 
Larch, western......... 
(Larix occidentalis) 
Pine, Cuban....... 


(Pinus heterophylla) or 
eine, lobloily...........|F 
(Pinus taeda) 3 x 
Pine, lodgepole...... aval - 3 65 39 28 3000 5500 | 1080 7200 2100 310 690 | 220 


(Pinus contorta) 

Pine, longleaf.......... 

(Pinus palustris) 

Pine, Norway.... 

(Pinus resinosa 

Pine, pitch.......0.ecee| enn. 85 6700 
(Pinus rigida) 

Pine, shortleaf.......... |Ark. and La. 

(Pinus echinata) 

MINE VSULAT 0c. ccs see ae@ale 

(Pinus lambertiana) 

Pine, western white..... |Mont. 

(Pinus monticola) 

Pine, western yellow.... 

(Pinus ponderosa) 


and Wyo. 
cg tg and} 47 50 43 5400 | 8700 | 1630 | 10800 3840 | 600 | 1070 | 290 
Wis. 54 42 34 | 3700 | 6400] 1380] 7500 2470 | 360] 780 | 190 


Pine, white............ |W: 
(Pinus strobus) 
DELICE, TE... cececece 
(Picea rubens) 
price, Sitka.....scc0ee 
(Picea sitchensis) 
PPMIEACK, 5 ccc seccces 
(Larix laricina) 
ew, western........++. |Wash. 44 54 45 | 6500 | tor09 | 990 | 13100 3400 | 1040 | 1620 | 450 
(Taaus brevifolia) j 


Cotumn Notes (continued). — (7) recommended allowable working stress (interior construction): 3 tabular value; experi- 
mental results on tests of air-dry timber in small lear pieces average 50 per cent higher; kiln-dry, double tabular values; (10) 
Tepeated falls of so-lb. hammer from increasing heights; 11-12, 203.2-mm (8 in.) long specimen loaded on ends with deformations 
measured in a 152.4-mm (6 in.) gage length; (12) allowable working eee tabular crushing strength; (13) 152.4-mm (6 in.) long 
block loaded on its side with a central bearing area of 2580.6-mm? (4 in?) allowable working stress, 3 tabular value. (14) 50.8-mm 

y 50.8-mm (2 in.) projecting lip sheared from block; allowable working stress, 4 tabular value; (15) 63.5-mm (24 in.) specimen with 
a: ce @ oe free loaded length; allowable working stress, 4 tabular value. (16-1/) for values in lbs, multiply values of metric 
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TaBLes 76-77. : ; "9 
ELASTIC MODULI. 


TABLE 76.—Rigidity Modulus, 


If to the four consecutive faces of a cube a tangential stress is applied, opposite in direction on 
adjacent sides, the modulus of rigidity is obtained by dividing the numerical value of the tangential 
Stress per unit area (kg. per sq. mm.) by the number representing the change of angles on the 
non-stressed faces, measured in radians. 


100 


Substance. Rigidity Refer- Substance. Rigidity Refer- 


Modulus.| ence. ; Modulus. |. ence. 


Atamiginy 2 Sete, ogee 14 || Quartz fibre 
$s Cast es) sitet [2580 5 3 e 
Brags) 6 fe Seu, acon et, ae a 10 Silver 
’ roy Ct ean aS AliB i E7iKe II = 
“ cast, 60 Cu-+12Sn .| 3700 13 Mee tc) iar 
Bismuth, slowly cooled . .| 1240 “ hard-drawn . 
Bronze, cast, 88 Cu-+12Sn. 4060 Steely. ove eee 
Cadmium,,cast’ 3). > © ‘aije-2450 “ cast ee 
Copper, cast. . 4780 «cast, Coarse gr. 
2 . 4213 © (SUVer a Ueeens 
4450 Tin, cast 
4664 “cc 
2850 Zinc . 
950 he. eis 
es Platinum 
6706 p 
7975 Glass 
6940 7 « A 
8108 Clay rock . 
ig 7505 Granite . 
Magnesium, cast; . .« &% «= |) 2710 Marble . 
INIGKEL es Be) Sik oc che eR OcO Slate 
Phosphor bropze; » . . 9.1 4359 


Gold. . 


Iron, cast 
“ 


we 6. Ce le és (ee 6 felis 


. 


References 1-16, see Table 48. 21 Boys, Philos. Mag. (5) 30, 1890. 

17 Gratz, Wied. Ann. 28, 1886. 22 Thomson, Lord Kelvin. 

18 Savart, Pogg. Ann. 16, 1829. 23 Gray and Milne. 

19 Kiewiet, Diss. Gottingen, 1886. 24 Adams-Coker, Carnegie Publ. No. 46, 
20 Threlfall, Philos. Mag. (5) 30, 1890. 1906. 


TABLE 77, —Variation of the Rigidity Modulus with the Temperature. 
714 = #, (1 — at — Bt* — yt), where ¢ = temperature Centigrade. 


——— 
Substance. aro® Br08 | y10% Authority, 


BYASS 1s. 3 ms Pisati, Nuovo Cimento, 5, 34, 1879. 

a Seatac asx Kohlrausch-Loomis, Pogg. Ann. 141. 
Copper. %. 3 i. : Pisati, loc. cit. 

Wap a, Gee K and L, loc. cit. 

THOM nh. eee 06 Pisati, loc. cit. 

Bey Pec et” tay WOR Sarees K and L, loc. cit. 
Platinum . . . : Pisati, loc. cit. 
Silver . . : é SS ae 
Steel 


rer* = m5 [1 —a(¢—15)]; Horton, Philos. Trans. 204 A, 1905. 


Copper 4.37*| a==,00039 || Platinum | 6.46*/ a =.ooor2 |} Tin 1.50*| a == .00416 
Copper (com- | Gold 2.45 .0003! |) Lead 0,30 .00164 
mercial) 3.80 .00038 || Silver 2.67 .00048 || Cadmium } 2.31 0058 
Tron 8.26 .00029 |) Aluminum | 2.55 .001 48 || Quartz 3.00 00012 

Steel 8.45 00026 | 


* Modulus of rigidity in zo! dynes per sq. cm. 
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TABLES 78-81. 


TABLE 78,—Interior Friction at Low Temperatures, 
C is the damping coefficient for infinitely small oscillations; T, the period of oscillation in sec- 


TOI 


onds; N, the second modulus of elasticity. Guye and Schapper, C. R. 150, p. 963, 1910. 


Substance 


Length of wire incm. 
Diameter in mm..... 


TOOs(e oC 
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Of OM S 


Agate 
Alabaster 


1S erga 


Ab be 
ee? 
—195° C- man 

AW: ee 
INGOs sia 


ioe 


Brass 
Calamine 


je) 
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\o 
wn 


HH ANNA NON 
NTO WH DAW COM OM 
vo 
wn 


hOAN ANU 


Tridosmium 
Iron 


NeHANY RR 
ARORA 
Onn DAO”) 


Sulphur 1.5-2.5 
Stibnite : 


1.7 
Alum 2-2.5 || Calcite Kaolin Serpentine 
Aluminum 2. Copper Loess (0°) Silver 
Amber 2-2.5 || Corundum Magnetite Steel 
Andalusite 7.5 || Diamond bh Marble Talc 
Anthracite 2.2 || Dolomite ; Meerschaum Tin 
Antimony 3-3 || Feldspar 6. Mica Topaz 
j Apatite = Flint 7. | Opal : Tourmaline 
: Aragonite 3.5 || Fluorite 4. Orthoclase : Wax (0°) 
3:5 


Palladium 4. Wood’s metal 
Phosphorbronze 
Platinum 


Galena 
Garnet 
Glass 

Gold 
Graphite 
Gypsum 
Hematite 
Hornblende 
Iridium 


. Arsenic 

; Asbestos 
’ Asphalt I- 
Augite 
Barite 
Beryl 
Bell-metal 
Bismuth 
Boric acid 


in 


un wm 


4 

num 4 

Platin-iridium 6. 
Pyrite 6.3 

7 

2 

3 

I 


Day an 
OnE EONS) Fete TOn yes. 


Quartz 

Rock-salt 

Ross’ metal 2.5- 
Silver chloride 


0 
3 


uw 


OF Ne STG) GY 
Cow 
tn 


' From Landolt-Bornstein-Meyerhoffer Tables: Auerbachs, Winklemann, Handb. der Phys. 1891. 


a TABLE 80.—Relative Hardness of the Elements, 


PPP Hog 
munrIooo°o 


Rydberg, Zeitschr. Phys. Chem 33, 1900 


TABLE 81.—Ratio, p, of Transverse Contraction to Longitudinal Extension under Tensile Stress. 
(Poisson’s Ratio.) 


From data from Physikalisch-Technischen Reichsanstalt, 1907. 
p for: marbles, 0.27; granites, 0.24; basic-intrusives, 0.26; glass, 0.23. Adams-Coker, 1906, 
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102 TABLE 82, 
ELASTICITY OF CRYSTALS.* 


The formulz were deduced from experiments made on rectangular prismatic bars eut from the crystal. These bars 
were subjected to cross bending and twisting and the hacia aot iehy Elastic Moduli deduced. The symbols 
a B y, 4, By y, and a» By yo represent the direction cosines of the length, the greater and the less transverse 
dimensions of the prism with reference to the principal axis of the crystal. E is the modulus for extension or 
compression, and ‘I’ is the modulus for torsional rigidity. ‘he moduli are in grams per square centimeter. 


Barite. 


10 
= 16.134! + 18.518’ + 10.424! + 2(38.7¢B 'y? + 15.21y°a? + 8.88a"B”) 


1010 


a = 69.524 +- 117.668! + 116.46y' + 2(20.16B"y? + 85.29y"a? + 127.358?) 


Beryl (Emerald). 
1 
= 4.325 sin’? + 4.619 cos# + 13.328 sin?¢ cos?¢ 
10 os 


“PT = 15.00 — 3. 675 cos*¢2 — 17.536 cos” cos? 1 


where ¢ 9; ¢2 are the angles which 
the length, breadth, and thickness 
of the specimen make with the 
principal axis of the crystal. 


Fluorite. 
1010 


10" = 1305 — 6.26 (at + B+ 7) 
<a 
10 = 58.04 — 50.08 (B'y? + 7’a? + a”B?) 


24 (a+ B'+- 7) 


I ak 


ap = 18.00 — 17.95 (By? + ya? a’B’) 


Rock oa 
= 


= 33-48 — 9.66 (at + B+ 7) 
eh 
= 154.58 — 77.28 (By? + ya? +a’) 


=75.1 48.2 (a+ B+ 7) 
= 306.0 — 192.8 (By? + y’a? + aB’) 


10 
Ar = 4.341at + 3.4608' + 3.77174 + 2 (3.879892 + 2.8567'a? + 2.30078) 


10 
= = 14.88at + 16.548' + 16.4574 + 30.8987? + 40.89y7a? + 43-5107B? 


Quartz. 
D 


AF = 12-734 (1 =P)? + 16.693 (1 — ¥°)7? + 9.7057! —8.46cBy (30° — 8?) 


10 
= = 19.665 + 9.06042? + 22.984y°y1? — 16.920 [(yBxt+ By1) (3401 — BB1) — Bxy2)] 


* These formule are taken from Voigt's papers (Wied. Ann, vols. 31, 34, and 35). 
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TaB_Le 83. 103 
ELASTICITY OF CRYSTALS. 


Some particular values of the Elastic Moduli are here given. Under E are given moduli for extension or compression 
in the directions indicated by the subscripts and explained i in the notes, and under T the moduli for torsional 
rigidities round the axes similarly indicated. Moduli in grams per sq. cm. 


(z) ISOMETRIC SyYsTEM.* 


Substance. Authority. 


Fluorite. 1473 X 108 | 1008 X 108 gio X 108 345 X 108 | Voigt.t 

ayinitey) <<), 4. : || 3530>< 10% || 2530 10% | 2310 X 108 | 1075 XK 10° < 

Rock salt . al] Bey silos 349 X 10° 303 X 108 129 X 108 

3 : 5 al] “GBC ue. 339 X 108 — — 

Sylvite a. 6) oh a || cee 209 X 10° — 
372 X 108 196 X 108 _ 

Sodium chlorate 405 X 108 319 X 10° —_ 

Potassium alum . 181 X 108 199 X 108 _ Beckenkamp.§ 

Chromium alum 161 X 108 177 X 108 x6 

Ironalum. . . 186 X 108 — & 


655 x 10° 


(4) ORTHORHOMBIC SYSTEM.|| 


Substance. E, E, E3 Ey E; E, Authority. 


Rarite .| 620X108! 540 X 10°] 959 X 108| 376 10°] 702 X10°| 740 X 108} Voi 
Topaz. | 2304 X 108 | 2890 X 10°| 2652 X 108 | 2670 X 108 | 2893 X 10° | 3180 X 108 


Substance. Ty.=To4 Ti13=Ts1 Tos = T3¢ Authority. 


283 X 108 293 X 108 121X108 | Voigt. 
1336 X 108 1353 X 10° 1104 X 108 « 


In the MONOCLINIC SysTEM, Coromilas (Zeit. fiir Kryst. vol. 1) gives 
Gypsum § Emax = 887 X 108 at 21.9° to the principal axis. 
U Ein = Big < 1otat 754° “ a “ 
Mica Emax = 2213 X 10 in the principal axis. 
Enin = 1554 X 10° at 45° to the principal axis. 


In the HEXAGONAL SysTEM, Voigt gives measurements on a beryl crystal (emerald). 
The subscripts indicate inclination in degrees of the axis of stress to the principal axis of 
the crystal. 

Eo= 2165 X 108, Ey;=-1796 X 10°, Eg9== 2312 X 10, 
To = 667 X 108, T9883 X 10%. The smallest cross dimension of the 
prism experimented on (see Table 82), was in the principal axis for this last case. 


In the RHOMBOHEDRAL SYSTEM, Voigt has measured quartz. The subscripts have the 
same meaning as in the hexagonal system. 


Hj — O30) >< 10%) Bags ——ra05 10%) Hig —O50n~ 10%), Bigg — 755 >< 10°, 
pj — 15600102, ee gn —9 45. 1Oee 

Baumgarten { gives for calcite 
Bj sor xio,, Wagge—44r X 10%, Baas =—772 X 10%, Kop 790 X 10°. 


* In this system the subscript « indicates that compression or extension takes place along the crystalline axis, and 
distortion round the axis. The subscripts 6 and ¢ correspond to directions equally inclined to two and normal to the 
third and equally inclined to all three axes respectively. 

t Voigt, ‘‘ Wied. Ann.” 31) Ps 474) P. 701, 18875 34, P . 981, 1888; 36, p. 642, 1888. 

¢ Koch, ‘‘ Wied. Ann.” 18, p. 325, 1 1882 

§ Beckenkamp, “Zeit. fiir Kryst.” vol. 10. 

\| The subscripts I, 2, 3 indicate that the three principal axes are the axes of stress; 4, 5, 6 that the axes of streas 
are in the three principal planes at angles of 45° to the corresponding axes. 

| Baumgarten, ‘‘ Pogg. Ann.’’ 152, p. 369, 1879. 
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104 TABLES 84-86. 


COMPRESSIBILITY OF GASES. 


TABLE 84.—Relative Volumes at Various Pressures and Rompenetures, the volumes a 0° C and 
at 1 atmosphere being taken as 1 000 0 


Oxygen. ir. Nitrogen. Hydrogen. 


99°.5 °, : . 99°.5 . 0 | 99°%3 | 200°. 5 


7445 5690 9420 
5301 | 6 4030 86 | 6520 
4205 3207 5075 
3055 2713 4210 
3258 2387 3627 
2980 5 2149 3212 
2775 1972 2900 
2616 1832 2657 
- - 1720 - 


Amagat: C. R. 111, p. 871, 1890; Ann. chim. phys. (6) 29, pp. 68 cnd 505; 7893, 


TABLE 85,—Ethylene. 


pu at o° C and 1 atm. =1. 


Amagat, C. R. 111, p. 871, 1890; 116, p. 946, 1893. 


TABLE 86,—Relative Gas Volumes at Various Pressures. 


The following table, deduced by Mr. C, Cochrane, from the PV curves of Amagat and other 
observers, gives the relative volumes occupied by various gases when the pressure is reduced from 
the value given at the head of the column to 1 atmosphere: 


Gas. Relative volume which the gas will occupy when the pressure 
(Temp.= 16°C.). is reduced to atmospheric from 


I atm. 50 atm. Ioo atm. 120 atm. 150 atm. 200 atm. 
ce Per hect: cl aSietesicleleae I 50 100 120 150 200 
Faliy GROGEM Tele sieicleletetel tele 48.5 93-6 TTT .3 136.3 176.4 
NITRO EM voreroretetevwtosetenctete SOR 100.6 120.0 147.6 190.8 
Albis tata wroterect tolcieks 50. 101.8 121.9 150.3 194.8 
105.2 — coe 212.6 
Oxygen (ato” CO) 5 oe ; 107.9 128.6 161.9 218.8 
Carbon dioxide 69.0 477* 485* 498* 5r5* 


* Carbon dioxide is liquid at pressures greater than 90 atmospheres, 
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Taa_es 87-89. 105 
COMPRESSIBILITY OF GASES. 
TABLE 87.—Carbon Dioxide, 


Relative values of Av at — 


Pressure in 
meters of 


pUeKCUrY« 18°.2 if 50°.0 60°.0 70°.0 80°.0 


liquid 2590 2730 2870 2995 

- 2145 2330 2525 2685 
625 1200 1650 1975 2225 
825 1090 1275 1550 1845 
1020 2 1250 1360 1525 1715 
1210 1430 1520 1645 1780 
1405 1615 1705 1810 1930 
1590 1800 1890 1990 2090 
1770 1985 2070 2166 2205 
1950 2170 2260 2340 2440 
2135 2360 2440 2525 2620 


Relative values of Jv ; gv at o? C. and 1 atm. = 1. 


100° 


1.206 
1.030 
0.878 
0.890 
1.201 
1.999 


Amagat, C. R. 111, p. 871, 1890; Ann. chim. phys. (5) 22, p. 353, 1881; (6) 29, pp..68 and 405, 1893. 


TABLE 88.—Compressibility of Gases. 


.v.(3 atm.) | 2S: Density. Density. 
= (1 atm 5 is OH 20°C Very small 
i ad é P= 76° pressure, 


1.00038 Be: 
0.99974 A ’ 2.015 (16°) 
1.0001 5 ‘ : 28.005 
1.00026 : 38 28.000 
1.00279 , F 44.268 
1.00327 i : 44.285 
1.00026 a 
1.00632 | = 


Rayleigh, Zeitschr. Phys. Chem. 52, p. 705, 1905. 


rer oe : 


FABLE 89.— Compressibility of Air and Oxygen between 18° and 22° C, 


Pressures in meters of mercury, Az, relative. 


24.07 ; : : : ‘ 101.47 | 214.54 
26968 8 ; 2 : 29585 


84.19 | Ior.06 | 214.52 
25745 | 25639 | 26536 


Amagat, C. R. 1879. 
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106 TaBLES 90-91, 
RELATION BETWEEN PRESSURE, TEMPERATURE AND 
VOLUME OF SULPHUR DIOXIDE AND AMMONIA,.* 
TABLE 90.—Sulphur Dioxide. 


Original volume rooooo under one atmosphere of pressure and the temperature of the experi- 
ments as indicated at the top of the different columns. 


Corresponding Volume for Ex- Pressure in Atmospheres for 
periments at Temperature — Experiments at Temperature — 


Pressure in 


58°.0 99°-6 183°.2 


9.60 
10.35 
11.85 
13.05 
14.70 
16.70 
20.15 
23-00 


TABLE 91. — Ammonia. 


Original volume 1oo000 under one atmosphere of pressure and the temperature of the experiments as 
indicated at the top of the different columns. 


Corresponding Volume for Ex- Pressure in Atmospheres for Experiments 
periments at Temperature — at Temperature — 


Volume. 


Pressure in 


ROC 46°.6 


os? 
10.45 
II.50 
13.00 


14.75 
16.60 


18.35 
18.30 


* From the experiments of Roth, ‘‘ Wied. Ann.” vol. 11, 1880. 
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TABLE 92. 107 
COMPRESSIBILITY OF LIQUIDS. 


At the constant temperature ¢, the compressibility 8 = (1/Vo)(dV/dP). In general as P in- 
creases, 6 decreases rapidly at first and then slowly; the change of 8 with ¢ is large at low pressures 
but very small at pressures above 1000 to 2000 megabars. 1 megabar = 0.987 atmosphere = 108 
dyne/cm*. 


Substance. 


Compres- 
sibility per 
Pressure, 
megabars. 
megabars. 
B X 108 
eS 


Ethyl ether, ct'd. ie 
Ethyl iodide. .... oe 


180... 


Butyl alcohol, iso.. 
as 4 iso.. 
iso.. 
iso.. 
iso.. 
iso. . 
Carbon bisulphide.. 
cc ‘ 
cc 


es Nitric acid 
Carb. tetrachloride. Oils: Almond...... 


Chloroform 


Dichlorethylsulfide. Rape-seed.... 
2s : Phosph. trichloride. 
Ethyl acetate . i . 
cc “cc “ “cc 
“cc “cc ce “cc 


Propyl alcohol, n.. 
“ “cc ne 


For references, see page 108. 
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108 ‘TABLE 93. 


COMPRESSIBILITY QF SOLIDS, . 


If V is the volume of the material under a pressure P megabars and Vo is the volume at atmospheric pressure, then 
the compressibility 8 = —(1/Vo) (dV/dP). Its unit is cm?/megadynes (reciprocal megabars). 10°/@ is the bulk modu- 
lus in absolute units (dynes/cm?). The following values of 8, arranged in order of increasing compressibility, are for 
P =o and room temperature. 1 megabar = 10% dynes = 1.013 kg/cm? = 0.987 atmosphere. 


Compres- ( 
sion per 
unit vol. 
er mega- 
ar X 108 


Compres- 
sion per 
unit vol. 
per mega- 
bar X 108 


Bulk 
modulus. 
dynes/cm? 
X 102 


Bulk 
modulus. 
dynes/cm? 
X 102 


Substance. Reference. Substance. Reference. 


nN 


Antimony 
Quartz 
Magnesium 


Molybdenum.... 
Tantalum : 
Palladium Graphite 


Silica glass 


ONNHNHNNHNNHNHND 


Lal 


PR ADWOO NW AH ON 
HHNDHRY 
rs) 


Potassium chloride 
Pithiwms ose 
Phosphorus (red).. 
Selenium 


OONNHPAWOWWHNHHHNHDNHD 


CONAN ADOOKNORAUNHHOOOURY 


Lal 


OHHH | PY 
is) 


Mg. silicate, crys. 
Aluminum 
Calcite 


H 
wW 


um 
Phosphorus (white) 
Potassium 
Rubidium 
Calcium 


oO. 
°. 
°. 
oO. 
O°. 
Oo. 
°. 
°. 
°. 
°. 
°. 
oO. 
°. 
°. 
oO. 
°. 
I. 
I. 
i. 
i. 
I. 
2. 
2. 


OOOO OCO OHHH HH HHHHHHDNDHWWW 
99099999999999090090900000 


NOHO DHDHHNHHKNNAKRNKHHHHHD HD D~ 


Lal 
~ 
NS 


Nore. — Winklemann, Schott, and Straulel (Wied Ann. 61, 63, 1897, 68, 1899) give the following coeffi- 
cients (among others) for various Jena glasses in terms of the volume decrease divided by the increase of 
pressure expressed in kilograms per square millimeter: 


No. sibility. 


7520 
5800 
4530 
3790 


665 


1299 
16 


278 


Barytborosilicat 
Natronkalkzinksilicat 


Compres- | 


No. Glass. 


2154 
S 208 

500 
S 196 


Very Heavy Bleisilicat 


5 
Tonerdborat with sodium, baryte| 3470 


The following values in cm2/kg of 106 X Compressibility are given for the corresponding temperatures by 


Griineisen, Ann. der Phys. 33, p. 65, 1910. 


Al — 101°, 1.323 17°, 1.46; 125°, 1.70. 
Cu — 191°, 0.723 17°, 0.773 165°, 0.83. 
Pt — 189°, 0.37; 17°, 0.39; 164°, 0.40. 


References to Table 92, p. 107: 


(x) Bridgman, Pr. Am. Acad. 49, I, 1913; 

(2) Roentgen, Ann. Phys. 44, I, 1891; 

(3) Pagliani-Palazzo, Mem. Acad. Lin. 3, 18, 1883; 

(4) Bridgman, Pr. Am. Acad. 48, 341, 1912; 

(5) Adams, Williamson, J. Wash. Acad. Sc. 9, Jan. 19, 


1910; 
(6) Richards, Boyer, Pr. Nat. Acad. Sc. 4, 389, 1918; 


(7) Richards, J. Am. Ch. Soc. 37, 1646, 1915; 
(8) Bridgman, Pr. Am, Acad. 47, 381, 1911; 


References to Table 93, p. 108: 
(1) Adams, Williamson, Johnston, J. Am. Ch. Soc. 41, 39, 


IQIQ; 
(2) Richards, ibid. 37, 1646, 1915; 
(3) Bridgman, Pr. Am. Acad. 44, 279, 1909; 47, 366, 1911; 


SMITHSONIAN TABLES. 


Fe — 190°, 0.61; 18°, 0.63; 165°, 0.67. 
Ag — 10L°, 0.71; 16°, 0.76; 166°, 0.86. 
Pb — zo1°, (2.5); 14°, (3.2). 


(9) Amagat, C. R. 73, 143, 18725 
(10) Amagat, C. R. 68, 1170, 1869; 
(zr) Amagat, Ann. chim. phys. 29, 68, 505, 18933 
(12) de Metz, Ann. Phys, 41, 663, 1890; 
(13) Adams, Williamson, Johnston, J. Am. Chem. Soe, © 
41, 27, 1919; 
(r4) Colladon, Sturm, Ann. Phys. 12, 39, 1828; 
(r5) Quincke, Ann. Phys. 19, gor, 1883; 
(16) Richards e¢ al. J. Am. Ch, Soc. 34, 988, 1912. 


(4) Adams, Williamson, unpublished; 
(5) Richards, Boyer, Pr. Nat. Acad. Sc. 4, 388, 19185 
(6) Voigt, Ann. Phys. 31, 1887; 36, 1883, 


TABLE 94, 109 


_ SPECIFIC GRAVITIES CORRESPONDING TO THE BAUME SCALE. 
_ The specific gravities are tor 15.56°C (60°F) referred to water at the same temperature as unity 
For specific gravities less than unity the values are calculated from the formula: 
140 ne 
Specific Gravity 


Degrees Baumé = 


130. 
_ For specific gravities greater than unity from: 


145 


Degrees Baumé = jt Specific Gravity’ 


Specific Gravities less than 1. 


Degrees Baumé, 


103.33 E 88.75 | 85.38 | 82.12 
70.00 ‘ .78 | 59.19 | 56.67 | 54.21 
45-00 : 30.67 | 34.71 32:79 
25.56 F 18.94 | 17-37 | 15.83 
10.00 


Specific Gravities greater than I. 


0.02 0.03 0.04 | 0.05 | 0.06 


Degrees Baumé. 


5.58 6.91 
17.51 | 18.91 
28.06 | 29.00 
36.79 | 37-59 
44.31 | 45.00 
50.54 51.45 
BOSS || 57-12 
61.67 | 62.14 
66.20 | 66.62 


2s he 


ee 


TABLE 94 (a). Degrees A. P. I. Corresponding to Specific Gravities at 60°/60° F. 
(15.56°/15.56° C) for petroleum oils. 


In order to avoid confusion and misunderstanding the American Petroleum Institute, the 
Bureau of Mines, and the Bureau of Standards have agreed that a scale based on the modulus 
141.5 shall be used in the United States Petroleum Industry and shall be known as the A. P. I. 
scale. The United States Baumé scale based on the modulus 140 will continue to be used for other 
liquids lighter than water. 

141.5 


Calculated from the formula, degrees A. P. I. = Sp. Gr. 60°/60° F 131.5 


Degrees 


104.33 
70.64 
45.38 
25.72 
10.00 
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TaB_Le 95, 


DENSITY IN GRAMS PER CUBIC CENTIMETER OF THE ELEMENTS, 
LIQUID OR SOLID. 


N. B. The density of a specimen may depend considerably on its state and previous treatment. 


Element. 


Physical State. 


Aluminum 
“ 


Antimony 
“ 
e 


Argon 
“ 


Arsenic 


“ec 


“co 


Barium 
Bismuth 
“ 


Boron 

“cc 
Bromine 
Cadmium 


“ 


Cesium 
Calcium 
Carbon 

“cc 
Cerium 
Chlorine 
Chromium 
Cobalt 
Columbium 
Copper 

“ 


Erbium 
Fluorine 
Gallium 
Germanium 


Glucinum 
Gold 


“cc 


Helium 
Hydrogen 
Indium 


commercial h’d d’n 
wrought 
vacuo-distilled 
ditto-compressed 
amorphous 
liquid 

“ 


crystallized 
amorph. br.-black 
yellow 


solid 
electrolytic 
vacuo-distilled 
liquid 

solid 

crystal 
amorph. pure 
liquid 

cast 

wrought 
vacuo-distilled 
solid 

liquid 


diamond 
graphite 
electrolytic 
pure 

liquid 


pure 


cast 

annealed 
wrought 

hard drawn 
vacuo-distilled 
ditto-compressed 
liquid 


liquid 


cast 

wrought 
vacuo-distilled 
ditto-compressed 
liquid 

liquid 


Grams per 
cu. cm.* 


2.70 
2.65-2.80 
6.618 


*To reduce to pounds per cu. ft. multiply by 62 4. 


Tempera- 
ture °C.+ 


Authority. 


| 
| Wolf, Dellinger, 1910 


Kahlbaum, 1902. 
“ 


Hérard. 
Baly-Donnan. 
“ “ 


Geuther. 
Linck. 
Guntz. 


Classen, 1890. 

Kahlbaum, 1902. 

Vincentini-Omodei. 
“ 


“ 


Wigand. 
Moissan. 
Richards-Stull. 


Kahlbaum, 1902. 
Vincentini-Omodei. 
“ “ 
Richards-Brink. 
Brink, 
Wigand. 
“ 


Muthmann-Weiss. 
“ce ee 


Drugman-Ramsay. 


Moissan. 
Tilden, Ch. C. 1898. 
Muthmann- Weiss. 


Dellinger, 1911 


“cc “ 


Kahlbaum, 1902. 


Roberts- Wrightson. 

St. Meyer, Z. Ph. Ch. 37. 
Moissan-Dewar. 

de Boisbaudran. 
Winkler. 

Humpidge. 


Kahlbaum, 1902. 
Onnes, 1908. 


Dewar, Ch. News, 1904. 
Richards. 


+ Where the temperature is not given, ordinary atmospheric temperature is understood. 


Compiled from Clarke’s Constants of Nature, Landolt-Bérnstein-Meyerhoffer’s Tables, and other sources. Where 
no authority is stated, the values are mostly means from various sourees. 
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TABLE 95 (continued). 


IFI 


DENSITY IN GRAMS PER CUBIC CENTIMETER OF THE ELEMENTS, 
LIQUID OR SOLID. 


Element. 


Tridium 
Iodine 


Krypton 
Lanthanum 


Lithium 
Magnesium 
Manganese 
Mercury 

iy 


Molybdenum 
Neodymium 
Nickel 
Nitrogen 


Osmium 
Oxygen 
Palladium 
Phosphorus ¢ 


“ec 


Platinum 


Potassium 
“ 


“ 


Presodymium 
Rhodium 
Rubidium 
Ruthenium 
Samarium 
Selenium 
Silicon 

“ 


Strontium 
Sulphur 
“ 


*To reduce to pounds per cubic ft. multiply by 62.4. 


Physical State 


pure 
gray cast 
white cast 
wrought 
liquid 
steel 
liquid 


vacuo-distilled 
ditto-compressed 
solid 
liquid 

“6 


metallic 


solid 
liquid 


cryst. 

amorph. 

cast 

wrought 
vacuo-distilled 
ditto-compressed 
liquid 


solid 
liquid 


liquid 


Grams per 


Tempera- 
ture °C.f 


17 
20 


Authority. 


Deville-Debray 
Richards-Stull 


Roberts-Austen 
Ramsay-Travers 
Muthmann- Weiss 
Kahlbaum, 1902 


Vincentini-Omodei 
oe “cc 


| Day, Sosman, Hostetter, 


1914 
Richards-Brink, ’07 
Voigt 
Prelinger 
Regnault, Volkmann 


Vincentini-Omodei 
Mallet 

Dewar, 1902 
Moissan 
Muthmann- Weiss 


Baly- Donnan, 1902 
ty 73 “ce 


Deville-Debray 
Richards-Stull 


Hittorf 
Richards-Stull 
Richards-Brink, ’o07 
Vincentini-Omodei 
Muthmann-Weiss 
Holborn Henning 
Richards-Brink, ’07 
Toby 

Muthmann- Weiss 


Richards-Stull-Brink 
Vigoroux 

Kahlbaum, 1902 
Wrightson 
Richards-Brink, ’07 


Vincentini-Omodei 
“ “ 


Dewar 
Matthiessen 


Vincentini-Omodei 


t Where the temperature is not given, ordinary atmosphere temperature is understood. 
+ Black phosphorus, 2.69, Bridgman, 1918. 


rs 
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112 TABLES 95 (continued) AnD 96. DENSITY OF VARIOUS SUBSTANCES. 


TABLE 965 (continued). — Density in grams per cubic centimeter and pounds per cubic foot of the elements, 
liquid or solid. 


Element. Physical State. 


Tantalum 
Tellurium 


“ce 


crystallized 
amorphous 


Thallium 
Thorium 
Tin 

“ 


white, cast 

“ wrought 
crystallized 
solid 


“c 
iti 
liquid 
gray 
Titanium 
Tungsten 
Uranium 
Vanadium 
Xenon 
Yttrium 
Zinc 


“cc 


liquid 


cast 

wrought 
vacuo-distilled 
ditto-compressed 
liquid 

Zirconium 


Grams per 
cu. 


16.6 


Tempera- 


eure OC, Authority, 


cm. 


Beljankin. 
Richards-Stull. 
Bolton. 
Matthiessen. 


Vincentini-Omodei 
See Table 65 


Mixter. 


Zimmermann. 
Ruff-Martin. 
Ramsay-Travers. 
St. Meyer. 


Kahlbaum, 1902. 


Roberts- Wrightson. 


TABLE 96, — Density in grams per cubic centimeter and in pounds per cubic foot of different kinds of wood. 


Wood is to be seasoned and of average dryness. 


Grams 
per cubic 


centimeter. 


Alder 

Apple 

Ash 

Bamboo 

Basswood. See Linden. 
Beech 

Blue gum 

Birch 

Box 

Bullet-tree 

Butternut 

Cedar 

Cherry 

Cork 

Dogwood 

Ebony 

Elm 

Fir or Pine, American 


0.42-0.68 
0.66-0.84 
0.65=0.85 
0.3I-0.40 


0.70-0.90 
1.00 
0.51-0.77 
0.95-1.16 
1.05 
0.38 
0.490: 57 
0.70-0.90 
0.22-0.26 
0.76 
I.1I-1.33 
0.54-0.60 


0.35-0.50 
0. 50-0. 56 
0.83-0.85 
0.48-0.70 
0.43-0.53 
0.48-0.70 
0.37-0.60 


Greenheart 0 93-1.04 


| Pounds 
per cubic |]) 
foot. 


26-42 
41-52 
40-53 
19-25 


See also pages 96 to 99 and 114. 


Grams 
per cubic 
centimeter. 


Pounds 
per cubic 


Hazel 


| Hickory 


Holly 
Iron-bark 


| Juniper 
| Laburnum 
| Lancewood 


Lignum vite 

Linden of Lime-tree 

Locust 

Logwood 

Mahogany, Honduras 

f Spanish 

Maple 

Oak 

Pear-tree 

Plum-tree 

Poplar 

Satinwood 

Sycamore 

Teak, Indian 
“African 

Walnut 

Water gum 

Willow 


%* Where the temperature is not given, ordinary atmospheric temperature is understood, 
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TABLE 97, I 13 


‘DENSITY IN GRAMS PER CUBIC CENTIMETER AND POUNDS PER CUBIC 
FOOT OF VARIOUS SOLIDS. 


‘ N.B. The density of a specimen depends considerably on its state and previous treatment; especially is this the 
case with porous materials. 


Grams per Pounds per AMatctial. Grams per Pounds per 


Material. 


Agate 
Alabaster : 
Carbonate 
Sulphate 
Albite 
Amber 
Amphiboles 
Anorthite 
Anthracite 
Asbestos 
Asphalt 
Basalt 
Beeswax 
Beryl 
Biotite 
Bone 
Brick 
Butter 
Calamine 
Caoutchouc 
Celluloid 
Cement, set 
Chalk 
Charcoal: oak 
pine 
Chrome yellow 
Chromite 
Cinnabar 
Clay 
Coal, soft 
Cocoa butter 
Coke 
Copal 
Corundum 
Diamond : 
Anthracitic 
Carbonado 
Diorite 
Dolomite 
Ebonite 
Emery 
Epidote 
Feldspar 
Flint 
Fluorite 
Gamboge 
| Garnet 
Gas carbon 
Gelatine 
Glass : common 
flint 
Glue 
Granite 
Graphite 
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cu. cm. 


2.5-2.7 


2.69-2.78 
2.26-2.32 
2.622.605 
1.06-1.11 
2.9-3.2 

2.74-2.76 
1.4-1.8 

2.0-2.8 

LI-1.5 . 
2.4-3.1 . 
0.96-0.97 
2.69-2.7 


cu. foot. 


156-168 


168-173 
141-145 
163-105 
66-— 69 
180-200 ° 
171-172 
87-112 
125-175 
69- 94 
150-190 
6o- 61 
168-168 
170-190 


507 
122-162 


150-175 
180~370 
80 
165-172 
144-170 


Gum arabic 
Gypsum 
Hematite 
Hornblende 
Ice 
Ilmenite 
Ivory 
Labradorite 
Lava: basaltic 
trachytic 
Leather: dry 
greased 
Lime: mortar 
slaked 
Limestone 
Litharge : 
Artificial 
Natural 
Magnetite 
Malachite 
Marble 
Meerschaum 
Mica 
Muscovite 
Ochre 
Oligoclase 
Olivine 
Opal 
Orthoclase 
Paper 
Paraffin 
Peat 
Pitch 
Porcelain 
Porphyry 
Pyrite 
Quartz 
Quartzite 
Resin 
Rock salt 
Rutile 
Sandstone 
Serpentine 
Slag, furnace 
Siate 
Soapstone 
Starch 
Sugar 
Tale 
Tallow 
Topaz 
Tourmaline 
Zircon 


cu. foot. 


80- 85 
144-145 
306-330 
187 


167-171 


580-585 
490-500 
306-324 
231-256 
160-177 
62- 80 
165-200 
172-225 
218, 

165-167 
204-210 
137 

161-163 


374-406 
134-147 
1560-165 
125-240 
162-205 


114 TABLE 98. 


DENSITY IN GRAMS PER CUBIC CENTIMETER AND POUNDS PER CUBIC 
FOOT OF VARIOUS ALLOYS. 


Grams Pounds 
Alloy. per cubic per cubic 
centimeter. foot. 
Brasses : Yellow, 70Cu ae 30Zn, cast. 8.44 
“ rolled 8.56 
u as es drawn 8.70 
ss Red, 90Cu + 10Zn F 8.60 
ss White, soCu-+ 50Zn . 8.20 
Bronzes: goCu + roSn : : : . ; ; ; é 8.78 
¢ che +155n . : : : : : . : . 8.89 555 
| : 8oCu-+-20Sn s . - : < e ns Vera ° 8.74 545 
| s 75Cu-+255n . . ° : 8.83 551 
| German Silver: Chinese, 26. 3Cu + 36. 6Zn + 36. ani ivk . ° 8.30 518 
EE Berlin (1) 52Cu-+ 26Zn-+ 22Ni_. 5 : , 8.45 527 
| « se «© (2) s9Cu-+30Zn+11Ni . . ah a 8.34 520 
ss ‘ « 1(3) 6360-5 som ‘2 6Ni : ; ; 8.30 518 
se es Nickelin . : . . - 18.77 547 
Lead and Tin: 87.5Pb + 12.5Sn : : 5 A > : ‘ 10.60 661 
‘pss 6 S4IPbie- lOsnee. : é : 3 f : 10.33 644 
Seb) =22.20n : fs - f . : 10.05 627 
« «  §63.7Pb + 36:35n : ; : 3 5 ; : 9.43 588 
oe AG Pb -lieeigone fa. : : : . ; - 8.73 545 
Ce 6 go.cPb 69:50 Ae a: ° 8.2 514 
Bismuth, Lead, and Cadmium: 53Bi + 4oPb a 7Cd ° = ° 10.56 659 
Wood's Metal: soBi+ 25Pb +4 12.5Cd ne r2: ssn - Mgt et: : 9.70 605 
| Cadmium and Tin: 32Cd-+68Sn . 4 . ; 7.70 480 
Gold and Copper: zo Au-+ 2Cu : : : . 3 4 5 18.84 1176 
g6Au + 4Cu - : : 2 oe. ‘ 5 18.36 1145 
Ske ss 94Au + 6Cu : : : + 4 4 ; 17.95 1120 
ae nk as g2Au-+ 8Cu : ° , . . . . 17.52 1093 
Cas ae goAu+10Cu . c : 5 ; , ; 17.16 1071 
Sains 6 88Au+12Cu . ; : ; 3 ‘ : 16.81 1049 | 
CT. as 86Au+i4Cu . : : 5 ; ; - 16.47 102 
Aluminum and Copper: 10Al-+ 90Cu. : . : . : 7.69 480 | 
ae as sAl+ 95Cu . : : “ ; c 8.37 522 
me es co 3Al+97Cu : : - 5 8.69 542 
Aluminum and Zinc: 91 AP +o9Zn . é . : - : - 2.80 175 | 
Platinum and Iridium: 90Pt-+ 1olr. ; : 3 2 : 3 21.62 134: 
a a 85Pt+r5Ir. : : ; : ; 21.62 1348 
a ae cs 66.67 Pt + 33: 33lr F ; - 21.87 1304 
Constantan : 60Cu + 40Ni é - : : ‘ ; 8.88 ae 
Magnalium: 70A1 + 30Mg : : : ; . ° : 2.0 125 
Manganin: 84Cu+ 12Mn+ 4Ni : 2 : : : : 8.5 530 
Platinoid : German silver + little Tungsten : 9.0 560 
Stellite: Co 59.5; Mo 22.5; Cr 10.8; Fe 3.1; Mn 2.0; Co 0.9; Sio8 8.3 518 


TABLE 96 (a).— Densities (g/cm) of some foreign woods on the American market. 
(See also Tables 72-75 and 96.) 


Almon 0.464 Gardner Olive 
Bullet-wood, Guiana | 1.03—1.23 | Boulger Orange Wood 
Boxwood, West India| .83— .88 fs Padouk 

Balsa : Carpenter || Prima Vera 
Carreto : ‘| USFPL Purple-heart 
Cedar, Spanish ; as Quebracho 
Cocobola ; Boulger Rosewood, Brazil 


Cocus ; Stone Rosewood, Honduras 

Fustic ‘ Boulger Sabicu 

Koa i Howard Snakewood 

Lauaan Red , : Gardner || Tamarind 1.32 

| Mahogany, African : Boulger Tanguile .47— .51| Gardner 
Mahogany, E.Indian| . se Wallaba .03— .04 Boulger 
Mora : ; Zebra Wood 1.03 

Oak, English : 


‘Fable prepared by W. M. N. Watkins, U. S. National Museum. 
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TABLES 99-100. re 


TABLE 99.—DENSITIES OF VARIOUS NATURAL AND ARTIFICIAL 
MINERALS. 


(See also Table 97.) 


Density | Sp. Vol. Density 


Name and Formula. grams | cc. per | } Name and Formula. granis 
| perce. | gram. | * per cc. 


Pure compounds, all at Feldspars : 
Zee. Albite glass, NaA1Si,O,, 
Magnesia, MgO ! : art. 
Lime, CaO : : 2 || Albite cryst., NaA1Si,Og, 
Forms of SiO,: art. 
Quartz, natural : : ; Anorthite glass, 
pe ariiicial 642 | .378 CaAl],Si,Og,, art. 
Cristobalite; artificial - -4312 Anorthite cryst., 
Silica glass : 2 CaAl Si 2Oxg, art. 
Forms of Al,SiO; : Soda anorthite, 
Sillimanite glass 3 : NaAlSi0, art. 
Sillimanite cryst. i 3} Borax, glass, Na,B,O, 
Forms of MgSiO,: Serenyst: 
B Monoclinic pyroxene ; -3142 | 5 ||| Fluorite, natural, CaF, 
a’ Orthorhombic pyroxene . 
B Monoclinic amphibole (NH,),SO, 
vy Orthorhombic amphi- K,SO, 
bole 3 2 KCl, fine powder 
Glass : a3 Forms of ZnS: 
Forms of CaSiO,: Sphalerite, natural* 
a (Pseudo-wollastonite) : : 2 || Wurtzite, artificialt 
B (Wollastonite) : : Greenockite, artificial 
Glass : : Forms of HgS: 
Forms of Ca,SiO,: Cinnabar, artificial 
a —calcium-orthosilicate | 3. A Metacinnabar, artifi- 
B— ‘* Gs t 4 cial 
B’— “ Minerals: 
| Lime-alumina compounds: Gehlenite, from Velar- 
3CaO « Al,O, : ; 3 dena 
5CaO° 3A],0,; : ; Spurrite, from Velardena, 
CaO: Al,O, 236 2Ca,siO,- CaCO; 
BCAO TAO; Hillebrandite, from Vel- 
3CaO * 5A1,03, unstable ardena, 
form j ‘ CaSiO;* Ca(OH), 
Forms of MgSiO,° CaSiO,: Pyrite, natural, FeS, 
Diopside, natural, cryst. : ; 4 || Marcasite, natural, FeS, 
artificial, *Only 0.15% Fe total impurity. 


glass 04 : + Same composition as Sphaler- 
ite. 


| Reference. 


“cc 


References: 1, Larsen 1909; 2, Day and Shepherd; 3, Shepherd and Rankin, 1909; 4, Allen and 
White, 1909; 5, Allen, Wright and Clement, 1906; 6, Day and Allen, 1905; 7, Washington and 
Wright, 1910; 8, Merwin, 1911; 9, Johnston and Adams, I9II; 10, Allen and Crenshaw, 1912; 
11, Wright, 1908. 

All the data of this table are from the Geophysical Laboratory, Washington. 


Taste 100.—DENSITIES OF MOLTEN TIN AND TIN-LEAD EUTECTIC. 


Temperature : 2 400° 500° | 600° | go0° | 1200° | 1400° | 1600° 
Molten tin .982 k 6.875 | 6.814 | 6.755 | 6.578 6.399 6.280 | 6.162 


37 pts. Pb, 63, Sn.* : . 7-879 | 7.800 | 7.731 az Bs 


* Melts at 181. Day and Sosman, ena Laboratory, unpublished. 


For further densities inorganic substances see table 219. 
48 organic pee S* 220. 
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116 TABLES 101-102, 
WEICHT OF SHEET METAL. 


TABLE 101.— Weight of Sheet Metal. (Metric Measure.) 


This table gives the weight in grams of a plate one meter square and of the thickness stated in the 
first co.umn. 


Thickness 
in thou- 
sandths of 
acm. 


Aluminum. | Platinum. Silver. 


26.7 215.0 193.0 
53-4 430.0 380.0 
80.1 6450 579-0 
106.8 &69.0 772.0 
133-5 1075.0 965.0 


160.2 1290.0 1158.0 
186.9 1505-0 1351.0 
213.6 1720.0 1544.0 
240.3 1935-0 1737-0 
2607.0 2150.0 1930.0 


ul 
2 
3 
4 
5 
6 
7 
8 
) 
° 


_ 


TABLE 102.— Weight of Sheet Metal. (British Measure.) 


Iron, Copper. Brass. Aluminum. Platinum, 


Thickness 
in Mils, 


Pounds per | Pounds per | Pounds per | Pounds per | Ounces per | Pounds per | Ounces per 
Sq. loot. Sq. Foot. Sq. Foot. | Sq. Foot. | Sq. Foot. | Sq. Foot. | Sq. Foot. 


1 .04058 .04630 04454 01389 2222 sITIQ 1.790 
2 08116 .09260 .08908 02778 4445 2237 3-579 
3 12173 .13890 13363 .04167 .6667 3356 5.369 
4 .16231 .18520 17817 05550 8890 4474 7.158 
5 20289 .23150 .22271 .06945 1.1112 5593 8.948 
6 .24347 .27780 .26725 .08 334 13385 6711 10.738 
7 28405 32411 31179 .097 23 T5557 7830 12.527 
8 .32463 37041 35634 oT a2 1.7780 8948 14.317 
9 

fe) 


36520 41671 40088 1201 2.0002 1.0067 16.106 
.40578 .46301 -44542 .13890 2.2224 1.1185 17.896 


= 


Silver. 


Gold. 


Thickness 


in Mils. Sie Grains per petit Genie per 
Sq: Foot. mi Po Sq. Foot. Ba 


702.8 0.7967 382.4 


1.4642 

2.9285 1405.7 1.5033 764.8 
4.3927 2108.5 2.3900 1147.2 
5.8570 2811.3 3 1867 1529.6 
7.3212 3514.2 3 9833 1912.0 


8.7854 4217.0 4.7800 2294.4 
10.2497 4919.8 5.5707 2676.5 
11.7139 | §622.7 | 6.3734 | 3059.2 
13.1782 6325.5 7.1700 3441.6 
14.6424 7028.3 7.9667 3824.0 


CO MIO UbwWd eH 


— 
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TaBLe 103. Il 7 


DENSITY OF LIQUIDS. 


Density or mass in grams per cubic centimeter and in pounds per cubic foot of various liquids. 


Pounds per 


Grams per 
cubic foot. 


cubic centimeter. Temp. C. 


Liquid. 


° 


Acetone ; 
Alcohol, ethyl 

a methyl 
Aniline R 
Benzene 
Bromine 
Carbolic acid (crude) 
Carbon disulphide 
Chloroform . 
Cocoa-butter 
Ether . ‘ 
Gasoline x 


1S) 


Oomoooo0od 


0.792 
0.807 
0.810 
1.035 
0.899 
3.187 
0.950-0.965 
1-203 
1.480 
0.857 
0.736 
0.66-0.69 
1.260 
0.875 
I .028-I .035 
0.848-0.810 
0.665 


49.4 


Leal 


Glycerine 

Japan wax 

Milk 2 
Naphtha (wood) . 
Naphtha (petroleum ether) 


Oils: 


Amber x . 
Anise-seed . 
Camphor 

Castor 

Clove 

Cocoanut 

Cotton Seed 
Creosote 

Lard 

Lavender 


Lemon ‘ 
Linseed (boiled) 
Neat’s foot. 
Olive . 

Palm . 

Pentane 


Peppermint 
Petroleum . : 

cs igi 
Pine . 


Poppy 
Rapeseed feradeye 


(refined) 


Soya-bean . 
rag “ee 


Train or Whale. 
Turpentine. 
Valerian 
Wintergreen 


Pyroligneous acid 
Water . é 
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° 
. 
e 
. 
e 
. 
e 
e 
e 
e 
° 
e 
. 
e 
e 
. 


ene Ve) es syle «| ae ee) 6 8 ee es. 6. 88 6. 6. 65 8 @. Le 6: (a 8 (Oh SD 0 Bee) BOW Ae) Oe em eee Ree 
Se e277 @ FO. ee) "a 8” 68 Or. CR Be 


0.800 
0.996 
0.910 
0.969 
I .04-1.06 
0.925 
0.926 
I.040-1.100 
0.920 
0.877 
0.844 
0.942 
0.913-.917 
0.918 
0.905 
0.650 
0.623 
0.90-.92 
0.878 
0.795-0.805 
0.850-0.860 
0.924 
0.915 
0.913 
0.955 
0.88 
0.919 
0.906 
0.918-0.925 
0.873 
0.965 
1.18 
-0.800 
1.000 


I 18 TABLE 104. 
DENSITY OF PURE WATER FREE FROM AIR. 0° TO 41° G, 


[Under standard pressure (76 cm), at every tenth part of a degree of the international hydrogen scale from 0° to 41° 
C, in grams per milliliter 1] 


Tenths of Degrees. 


1.000 0000 


0.999 9919 
9682 
9296 
8764 
8091 


7282 
6331 
5248 
4040 
2712 


1266 
0.998 9795 
8029 
6244 
4347 


2343 
0233 
0.997 8019 


NNN HN Ld 


BW NRO 


bb vw N 
oO AN OWN 


0.995 9701 


6780 
3714 
o561 
0.994 7325 
4007 


o610 
0.993 7136 


1 According to P. Chappuis, Bureau international des Poids et Mesures, Travaux et Mémoires, 13; 1907- 
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“ TaBLe 105. IIg 


VOLUME IN CUBIC CENTIMETERS AT VARIOUS TEMPERATURES OF A 
CUBIC CENTIMETER OF WATER FREE FROM AIR AT THE 
TEMPERATURE OF MAXIMUM DENSITY. O° TO 36° CG. 


Hydrogen Thermometer Scale. 


feet ° I 2 3 4 5 6 7 8 9 
= | 
fo) 1.0001 32 12 118 112 106 100 095 089 084 079:«O§ 
I 073 | 069 | 064 | O59 | 055 | O51 047 | 043 | 039 | 035 | 
2 032 02 026 02 020 o18 o16 O13 oll 009 | 
3 008 006 005 004 003 002 oor oor 000 000 
4 000 000 000 ool ool 002 003 004 005 007 
5 008 (o) fe) O12 O14 o16 ors 021 02 026 029 | 
6 032 035 039 042 046 050 054 058 062 066 | 
7 070 075 080 085 ogo 095 IOl 106 112 18 | 
8 124 130 137 142 149 156 162 169 176 184 ! 
r 9 I19gI 198 206 214 222 230 238 246 254 263, | 
| 10 eis 281 290 299 308 317 327 337 347 Shey} 
pir 367 | 377 | 388 | 398 | 409 | 420 | 430 | 441 | 453 | 464 | 
, 12 476 | 487 499 511 22 534 547 559 571 584 | 
13 506 609 623 636 649 661 675 638 702 715 
| 14 729 | 743 | 757 | 772 | 786 | 800 | 815 | 830 | 844 | 859 
' \ 
15 873 | 890 | 905 920 | 935 951 967 983 | 998 | o1s* ; 
| 16 1.001031 047 063 o8o 097 03) 130 147 164 182 | 
fo Lz 198 216 233 252 269 287 305 323 341 358 
| 18 BRE to 390 ye ATS | 483° [ee 452../ 47D .|.400 | Sto. |.) 52 548 | 
| I9 508 508 606 626 646 667 687 707 728 748 
in 20 769 790 811 832 853 874 895 916 938 960 | 
2 981 Go2* 5 .624*"'| (o46* 068% | ogr* | 113*| 135* 11) 156" | 18r* iy 
22 1.002203 226 249 271 295 319 342 304. 389 412. | 
i 23 436 | 459 | 483 | 507 | 532 | 556 | 581 | 605 | 62 654 | 
| 24 679 | 704 | 72 754 | 779 | 804 .| 829 | 854 | 879 | 9Q05 | 
| 25 932 958 983 ore = O36" | oGr*.|, O88* | TISe |) 141* | 263*) 
i 20 1.003195 221 248 275 302 330 357 384 412 439 
| 27 467 | 495 | 523 | 550 | 579 | 607 | 635 | 663 | 692 | 720 | 
20 749 776 806 $36 865 893 22 951 981 O11 | 
29 1.004041 069 100 12 160 189 220 250 280 310 | 
| 
30 341 371 | 493 | 432 | 464 | 404 |. 526 | 557 588 | 619 | 
i 31 651 682 73 744 ii 808 840 872 go4 936 
ee 32 968 OOI* ||) .033* 1 GG6* js COS* || 132" | T63*)|| 197* |= 229" | 203* 
33 | 1.005296 | 323 | 361 | 395 | 427 | 461 | 496 | 530 | 562 | 597 
34 631 665 698 732 768 $02 836 871 904 940 
35 975 oog* | 044* | 078% | i15* | 50% | 385*¥ | 219* | 255* | 290% | 


Reciprocals of the preceding table. 
Influence of Pressure.* 


kg/cm? ORE 20° C 40°. C kg/cm? 20° C 40° € 
I 1.0000 I.0016 1.0076 7,000 0.8404 0.8485 
500 -9771 -9808 -9873 8,000 8275 .8360 
1,000 9578 -9630 .9700 9,000 .8160 .8249 
2,000 .9260 9327 -9403 10,000 _ 8149 
3,000 -QOT5 -9087 -Q164 11,000 — .8056 
5,000 .8632 .8702 .8778 12,000 _ -7906 
6,000 .8480 8545 .8623 12,500 _- .7022 


* Williamson, Change of Physical Properties with Pressure, J. Frank. Inst. 193, p. 491, 1922. 
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TaB_Le 106, 


DENSITY AND VOLUME OF WATER. 
—10° TO +250° Cc, 
The mass of one cubic centimeter at 4° C. is taken as unity. 


120 


Volume. 


1.00186 
157 
131 
108 
088 


1.00070 0.99225 
055 187 
O42 147 
031 107 
O21 066 


1.00013 0.99025 
007 0.98982 1.0102 
003 072 
OOoI 116 

1.00000 162 


1.00001 i 1.01207 
003 254 
007 301 
O12 349 
O19 398 


1.00027 ; 1.01448 


037 795 
048 979 
060 .9778 1.02270 


073 576 


1.00087 j 1.02899 
103 Baek 
120 90 
138 I 959 
157 : 1.04343 


cea 1.0515 
19 ; 1.0601 
220 : 1.0693 


244 1.0794 
268 : 1.0902 


1.00293 d 1019 
320 : 1145 
347 . -1279 
375 875 1429 
404 862 .1590 


1.00434 . -177 
497 : -215 
530 ; .236 
563 +259 


* From — 10° to o® the values are due to means from Pierre, Weidner, and 
Rosetti; from 0° to 419, to Chappuis, 42° to 100°, to Thiesen; r1o° to 250°, to 
means from the works of Ramsey, Young, Waterston, and Hirn. 
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TABLE 107, 121 


DENSITY OF MERCURY 


Density or mass in grams per cubic centimeter, and the volume 
in cubic centimeters of one gram of mercury. 


Mass in Volume of Ma:sin Volume of 
Temp. C.| grams per 1gram in |||Temp.C}| grams per I gram in 
cu. cm. cu. cms. cu. cm. cu. cms. 
—10° | 13.6198 | 0.0734225 30°} 13.5213 | 0.0739572 
—9 6173 4358 31 5189 9705 
—3_ 6148 4492 32 5164 9839 
= 6124 4626 33 5140 9973 
40 6099 4759 34 5116 40107 
—5 13.6074 | 0.0734893 35 | 13.5001 | 0.0740241 
—4 6050 5026 36 5006 0374 
—3 6025 5160 37 5042 0508 
—2 6000 5293 38 5018 0642 
ai 5976 5427 39 4904 0776 
—O 13.5951 | 0.0735560 ||| 40 | 13.4969 | 0.0740910 
I 5926 5694 50 4725 2250 
2 5901 5828 60 4482 3592 
3 5877 5061 70 4240 4936 
4 5852 6095 80 3998 6282 
5 13.5827 | 0.0736228 90 | 13.3723 | 0.0747631 
6 5803 6362 100 3515 8081 
7 5778 6496 110 3279 50305 
8 5754 6629 120 3040 1653 
9 5729 6763 130 2801 3002 
| 
10 13.5704 | 0.0736893 || 140 13.2563 | 0.0754°54 
II 5680 7030 |) 150 2326 5708 
12 5655 7164 160 2090 7004 
13 5630 72908 || 170 1853 8422 
14 5606 7431 180 1617 9784 
15 13.5581 | 0.0737565 | 190 | 13.1381 | 0.0761140 
16 5557 7699 |} 200 1145 2516 
17 §532 7832 ||| 210 Ogio 3886 
18 5507 7966 220 0677 5260 
19 5483 8100 ||} 230 0440 6637 
20 13-5458 | 0-0738233 || 240 | 13.0206 | 0.0768017 
21 5434 8367 ||| 250 | 12.9972 9402 
22 5409 8501 ||| 260 9738 7090 
23 5385 8635 270 9504 2182 
24 5360 8768 280 9270 | 3579 
25 | 13.5336 | 0-07389002 ||| 290 | 12.9036 | 0.0774979 
26 5311 9036 300 8803 6385 
27 5287 9170 310 8569 | 7795 | 
28 5262 0304 320 8336 9210 | 
20 5238 0437 330 8102 80630 
30 13-5213 | 0.0730571 340 | 12.7869 | 0.0782054 
350 7635 3485 
360 7402 4921 


Based upon Thiesen und Scheel, Tatigkeitber. Phys.-Techn. Reichsanstalt, 
1897-1898; Chappuis, Trav. Bur: Int. 13, 1903. Thiesen, Scheel, Sell; 
Wiss. Abh. Phys.-Techn. Reichsanstalt 2, p. 184, 1895, and 1 liter 
=1.000027 cu. dm. 
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122 TABLE 1908, 
DENSITY OF AQUEOUS SOLUTIONS.* 


The following table gives the density of solutions of various salts in water. The numbers give the weight in 
grams per cubic centimeter. For brevity the substance is indicated by formula only. 


Weight of the dissolved substance in 100 parts by weight of 
the solution. 
Substance. 


Authority, 


5 10 15 20 25 30 40 


KeO . . . «| 1.047 | 1.098] 1.153] 1.214] 1.284 | 1.354 | 1.503] 1.659] 1.809] 15. | Schiff. 
|KOH . . «| 1.040] 1.082 1.127 | 1.176] 1.229| 1.286] 1.410 | 1.538 | 1.666| 15. a 
NagO_ . . «| 1.073] 1.144] 1.218 | 1.284] 1.354] 1.421 | 1.557 | 1.659 | 1.829] 15. aS 
NaOH . . ./£.058| 1.114] 1.169 | 1.224 | 1.279] 1.331 | 1-436] 1.539] 1.642] 15. = 
NH3. « . .|0.978]0.959 | 0.940] 0.924| 0.909] 0.596)  —- - - |16. | Carius. 
NHC] . . .|1.015) 1.030] 1.044] 1.058]1.072| — - - — |15. | Gerlach, 
Kel. 2 & oteosr i.605 | T1099) 1.135) — = - - — |15. © 
NaCl. . Gb <ii1s035|1.072| 1.110) 1/i50)/aTo1) = = - = EG s 
LiCl . . « «| 1,029] 1.057 | 1.085 | 1.116} 1.147 | 1.181 | 5.255] . — mh RI oF 
CaCle . . .| 1.041} 1.086) 1.132] 1.181 | 1.232|1.286]1.402| — — |15. ee 
CaCl + 6H20 | 1.019 | 1.040 | 1.061 | 1.083] 1.105 | 1.128 | 1.176] 1.225] 1.276] 18. | Schiff. 
AlClg  . . - | 1.030] 1.072] 1-111 | 1.153] 1.196] 1.241 |1.340| — - |15. | Gerlach. 
MeClo . 6 -sl.O41| 1.085) 0-130) 1.077) 226)1.275)| = ~ — |Is. re 
MgClo+6H.20 | 1.014] 1.032 | 1.049 | 1.067 | 1.085 | 1.103 | 1.141 | 1.183] 1.222| 24. | Schiff. 
ZnClg . « «| 1.043] 1.089] 1.135 | 1-194 | 1.236] 1.289 | 1.417] 1.563 | 1.737 | 19.5| Kremers. 
CdCle . . «| 1.043} 1.087 | 1.138] 1.193] 1.254 | 1.319 | 1.469] 1.653 | 1.887 | 19.5 oi 
SrClp. . . «| 1.044] 1.092} 1-143] 1.198] 1.257|1.321] — - — | 15. | Gerlach: 
SrCle + 6H20 | 1.027] 1.053] 1-052] 1.111 | 1.042 | 1.174] 1.242|1.317] -- [15 ¢ 
BaCle . . .} 1.045] 1.094] 1.147 | 1.205] 1.269] — a - = ae |e a 
BaCle + 2H2O |} 1.035] 1.075 } 1.119] 1.166] 1.217] 1.273]  — - - |21. | Schiff. 
}CuCle . . .| 1.044] 1.091 | 1-155] 1-221] 1.291} 1.360] 1.527| = - |17.5|] Franz. 
NiCle . . .|1.048| 1.098} 1.157 |1-223]1.299] — = - — {17.5 
Hg@le* . =) .itoan|r.092) 5 — - = - = = - |20. | Mendelejeff. 
FeoCle . . «| 1.041] 1.086] 1.130] 1.179 | 1.232] 1.290 | 1.413] 1.545| 1.668 | 17.5] Hager. 
PtCla. . . «| 1.046] 1.097 | 1.153] 1.214] 1.285] 1.362|1.546|1.785| -— | — | Precht. 
SnCl2 + 2H20 | 1.032 | 1-067 | 1.104] 1.143] 1.185 | 1.229] 1.329] 1.444]1.580|15. | Gerlach. 
SnCl4+ 5H20 | 1.029} 1.058 | 1.089 | 1.122] 1.157 | 1.193 | 1.274 | 1.365 | 1-467 | 35 . 
LiBr. . . «| 1.033] 1-070] 1.111 | 1.154] 1.202] 1.252] 1.366|1.498| — |19.5/ Kremers. 
KBr . . . «| 1.035] 1.073} 1-114] 1-157] 1.205|1.254| 1.364] —- - |19.5 by 
Nabr . . .|1.038|1.078 | 1.123] 1.172] 1.224 | 1.279| 1.408|1.563| — | 109.5 & 
MgBre . . .} 1.041 | 1.085] 1.135] 1.189] 1.245 | 1.308 | 1.449 | 1.623 19.5 ee 
ZnBrg . . «| 1.043] 1-091] 1.144 | 1-202 | 1.263 | 1.328 | 1.473 | 1.648 | 1.873] 19.5 ss 
CdBrg . . «| 1.041| 1.088] 1.139] 1.197] 1.258} 1-324| 1.479|1 678} - | 19.5 
CaBrg . . «|1.042] 1.087} 1.137 | 1-192] 2.250] 1.313] 1-459}1-639| — | 19.5 5 
BaBre . . «| 1.043] 1-090] 1.142] 1.199| 1.260 | 1.327 | 1.483] 1.683] — |19.5 i 
SrBrg_ . . «| 1.043| 1.089 | 1.140] 1-198} 1.260 | 1.328 | 1.489 | 1.693] 1-953 | 19.5 a 
KI . . . «| 1.036] 1.076] 1.118} 1-164 | 1.216| 1.269 | 1.394 | 1.544 | 1-732 | 19.5 - 
Lik % . 2) <)\:036) 1.077 |\Tar22)|'T-N7olmaeaiir.278) (0.412 | t- Sy ates euOaG Bs 
Nal . . « .}1.038] 1-080] 1.126] 1.177 | 1.232 | 1.292 | 1.430 | 1.598 | 1.808 | 19.5 ve 
Paige foams 1.043 | 1.089 | 1.138 | 1-194 | 1.253 | 1-316] 1.467 | 1.648 | 1.873] 19.5 Ae 
CdIg. . - «}1.042| 1.086] 1.136] 1-192] 1.251} 1.317|1.474|1.678] — |19.5| “ 
Mgle. . . .{ 1.041] 1.086] 1.137 | 1-192} 1.252 | 1.318 | 1.472 | 1.666] 1.913] 19.5 sS 
|Calg. ... «| 1.042] 1.088} 1.138 | 1 196] 1.258] 1.319] 1.475 | 1.663 | 1.908} 19.5 as 
SrIg . . . «| 1.043] 1-089| 1.140] 1-195 | 1.260 | 1.328 | 1.489} 1.693 | 1.953 | 10:5 as 
Balg. . «. «| 1.043] 1.089] 1.141] 1-199] 1.263] 1.331 | 1.493 | 1-702 | 1.968} 19.5 < 
NaClOg. . .| 1.035] 1.068 | 1.106| 1-145] 1.188 | 1.233 | 1.32 - = | 19:5).0an 
NabrOg. . .|1.039|1.081|1.127|1.176| 1.229| 1.287]  —- = — {19.5 a 
KNOg . . .|1.031| 1.064] 1.099/1-135| — - - - - |15- | Gerlach. 
NaNOg. . ./1.031] 1.065] 1.101 | 1.140] 1.180] 1.222] 1.313]1.416] — }|20.2| Schiff. 
AgNOg. . .|1.044|1.090| 1.140] 1.195 | 1.255 | 1.322] 1.479| 1-675| 1.918|15. | Kohlrausch. 


* Compiled from two papers on the subject by Gerlach in the “ Zeit. fiir Anal. Chim.,” vols. 8 and 27 
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TABLE 108 (continued). 123 
DENSITY OF AQUEOUS SOLUTIONS. 
Weight of the dissolved substance in 100 parts by weight of ! | 
the solution. S) 
Substance. = Authority. 
5 10 15 20 25 30 40 50 60 a 
NH,4NOzg . 1.020 | 1.041 | 1.063] 1.085 | 1.107 | 1.131 | 1.178 | 1.229 | 1.282| 17.5] Gerlach. 
Zn(NOs)2 . . 1.048 | 1.095 | 1.146] 1.201 | 1.263] 1.325|1-456|1-597| — |17-5| Franz. 
Zn(NOs)2 +6H20 = |¥.os4| -— |[i.113} — [1.178] 1.250] 1.329 14. | Oudemans. 
Ca(NOs)e 1.037 | 1.075} 1.118] 1.162| 1.211 | 1.260 | 1.367 | 1.482 | 1.604| 17.5] Gerlach. 
Cu(NOs)2 1.044 | 1.093 | 1.143 | 1-203 | 1.263] 1.328/1.471] — - |17.5| Franz. 
Sr(NOs)z 1.039 | 1.083]1.129/1.179] — os - - — |19.5} Kremers. 
Pb(NOs)2 1.043 | 1.091 | 1.143] 1.199| 1-262] 1.332] — ~ — |17.5} Gerlach. 
Cd(NOs)2 1.052 | 1.097 | 1.150] 1.212| 1.283] 1.355] 1-536/1-759| — |17-5| Franz. 
Co(NOs)2 1.045 | 1.090 | 1.137 | 1.192] 1-252] 1-318|1.465| — a 7S 
Ni(NOs)2 1.045 | 1.090 | 1.137 | 1,192 | 1.252] 1.318] 1.465] -- SP 
Feo(NOs)g . - «| 1.039] 1.076] 1.117] 1.160] 1.210] 1.261 | 1.373] 1-496 | 1.657 | 17-5 : 
Meg(NOs3)o+6H20 | 1.018 | 1.038 | 1.060] 1.082 | 1.105] 1.129] 1.179) 1.232] — |21 | Schiff. 
Mn(NOs)2 Ere 1.025 | 1.052| 1.079] 1.108 | 1.138 | 1.169 | 1.235 | 1-307 | 1-386] 8 | Oudemans. 
ESGOx . | 1.044 | 1.092] 1.141 | 1.192] 1-245] 1.300] 1-417/1.543| — |15 | Gerlach. 
CO, |: 24.0... 1.037 | 1.072| 1.110] 1.150] 1-191 | 1.233] 1-320| 1.415| 1.511} 15. ss 
NagCO310H20 1.019 | 1.038 | 1.057 | 1.077| 1.098] 1-118] — - - |I5. “ 
(NH4)2504 1.027 | 1.055 | 1.084 | 1.113 | 1.142] 1.170] 1.226] 1.287) — | tg. | Schiff. 
Feo(SO4)g . . «| 1.045] 1.096] 1.150] 1.207 | 1-270| 1.336] 1.489}  - - /|18. | Hager. 
FeSO, +7H20 «| 1.025] 1.053] 1.081] r.111 | 1-141] 1.173]1.238| — — |17.2| Schiff. 
MgSO, . . . 1.051 | 1.104] 1.161] 1.221 | 1.284] —- - = - |15 | Gerlach. 
MgSO4-+ 7H20. | 1.025] 1.050] 1.075] 1.101 | 1-129] 1.155] 1.215|1.278] —- | 15. 
NagS O4 + 10H20 | 1.019 | 1.039] 1-059] 1.081 | 1.102 | 1.12 - ~ — |TS. ay 
CuSO4 + 5H20. | 1.031 | 1.064] 1.098] 1.134] 1-173] 1-213] - - =) TS, \| Schutt. 
MnSO4 + 4H20 . | 1.031 | 1.064 | t.099| 1.135 | 1-174 | 1-214] 1.303] 1-398] - |15- | Gerlach. 
ZnSU4 + 7He20 . | 1.027] 1.057 | 1.089] 1.122 | 1-156] 1-191 | 1-269 | 1.351 | 1-443] 20.5] Schiff. 
Feg(SOx4)3 . KySO4 
+ 24H2,O_ ._.| 1.026} 1.045| 1.066] 1.088] 1.112] 1-141] — ~ — |17.5| Franz. 
Cro(SO4)3* KoSO4 
i} + 24H2O . 1.016 | 1.033] 1-051 | 1.073 | 1.099 | 1.126] 1.188 | 1.287 | 1.454] 17-5 a 
MgSO, + KeSO4 
+6H20.. 1.032| 1.066] 1.101] 1.138] — = = - - |15. | Schiff. 
(NH4)oSO4 + 
FeSO4 + 6H20 | 1.028} 1.058 | 1.090] 1.122] 1.154|1-191| — - — j19. ¢ 
KeCrO, . : 1.039] 1.082 | 1.127] 1.174 | 1.225 | 1-279] 1-397] — - 119.5 ¢ 
KyCr207_ .. 1.035!1.071|1.108; — = = = - — |19.5| Kremers. 
Fe(Cy)¢K4 . 1.023] 1.059| 1.092| 1.126} - ~ - — |15. | Schiff. 
Fe(Cy)gKg . . 1.025] 1.053] 1I-o70|1-113| — - - - - {13 3 
Pb(Ce H3Ve)e _ 
3H2O . . | 1-031 | 1.064| 1.100 | 1.137 | 1.177 | 1-220] 1.315|1.426/ - j{15. | Gerlach. 
2NaOH + ASO, 
+ 24H2O0 1.020] 1.042] 1.066] 1.089] 1.114] 1.140]1.194| — =F idee | SChitte 
5 10 15 20 30° 40 60 80 Ico 
SOs 1.040| 1.084 | 1.132 | 1.179] 1.277 | 1-389] 1.564/1.840| ~ |15. | Brineau. 
SO, . 1.013] 1.028 | 1.045| 1.063] — - = - = xs | Sylar 
ISO.) .. 1.033] 1.069 | 1.104 | 1.141] 1.217| 1.294] 1.422}1.506] =~ | 15. | Kolb. 
C4HeOg .- 1.021 | 1.047 | 1.070] 1.096] I.150|1.207| — - ~ |15. | Gerlach, 
CegHs30; . 1.018] 1.038 | 1.058 | 1.079] 1.123] 1-170] 1.273) — ~ {IS e 
Cane sugar. 1.019 | 1.039| 1.060] 1.082} 1.129] 1.178] 1.289] ~ ~ 117.5 
7G eee 1.025] 1.050] 1.075] 1.101] 1.151/1-200) — - - |15. | Kolb. 
HBr 1.035 | 1.073] 1.114| 1.158] 1.257] 1.376] — - ~ |14. | Tops6e. 
HI 1.037 | 1.077] 1.118] 1.165|1.271|1.400] — ~ - |13. uy? 
H2S04 1.032 | 1.069| 1.106] 1.145 | 1.223] 1.307 | [.501} 1.732] 1.838|15. | Kolb. 
H2SiFs 1.040 | 1.082] 1.127] 1.174| 1.273] — = - ~- | 17.5) Stolba. 
P2Os . 1.035 | 1.077| 1.119] 1.167] 1.271 | 1.385|1.676] — ~ |17.5| Hager. 
PoOs + 3H2O 1.027 | 1.057|1.086| 1.119| + 188] 1.264] 1.438) — — |15. | Schiff. 
Ope: 1.028 | 1.056] 1.088 | 1.119] 1.184] 1.250] 1.373] 1.459] 1.528] 15. | Kolb. 
4 ; 1.021 | 1.028 | 1.041 | 1.052] 1.068 | 1.075] 1.055] 15. | Oudemans | 


124 ' TABLE 109, 
DENSITIES OF MIXTURES OF ETHYL ALCOHOL AND WATER IN CRAMS 
PER MILLILITER. 


The densities in this table are numerically the same as specific gravities at the various temperatures in terms of water 
at 4° C. as unity. Based upon work done at U. S. Bureau of Standards. See Bulletin Bur. Stds. vol. 9, no. 3; con- 
tains extensive bibliography; also Circular 19, 1913. 


Temperatures. 


Per cent 
C.H;O0H 
by weight 7eO'G, 2 25°C, 


0.99913 : 0.99708 
725 6 


WON Au fPWNHHO 
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TABLE 109 (continued). 12 5 


DENSITY OF MIXTURES OF ETHYL ALCOHOL AND WATER IN CRAMS 
PER MILLILITER. 


‘Temperature, 
Per cent 
C,H;0H 
by weight , i 20°C. 25° C. 30° C. 35° C. 


0.91384 0.9098 5 0.90580 0.90168 
160 6 .89940 

710 

479 

2438 


o16 
88784 


be SMITHSONIAN TABLES. 


126 


TABLE 110. : 
DENSITIES OF AQUEOUS MIXTURES OF METHYL ALCOHOL, 


CANE SUCAR, OR SULPHURIC ACID. 


| Percent 
| by weight Alcohol. 


substance. 


Methyl 


f TS 
e DGC. 


Cane 

Sugar. 

20° 
See p. 444 


Sulphuric 


0.99913 
997 27 
99543 
199379 
-99195 
99029 
93864 
98701 
-98547 
95394 
98241 
.95093 
97945 
.97802 
-97660 


97518 
:97 377 
97237 
-970.6 
90955 
96814 
-9667 3 
96533 
.90392 
96251 
6108 
95963 
5517 
95008 
95518 
-95366 
JO)E eS) 
95050 
.94896 
947 34 
94579 
.94404 
94237 
-94067 
93894 
.93720 
93543 
93365 
93185 
.9 3001 
92815 
.92627 
92436 
92242 
.92048 


91852 


O ODI AH FWNHHO 


col 


AN On WN 


byw R NNN WN 


0.993234 
1.002120 
1.00601 5 
1.009934 
1.013881 


1.017854 
1.021855 
1.025855 
1.029942 
1.034029 
1.038143 
1.042288 
1.046462 
1.050065 
1.054900 
1.059165 
1.003460 
1.067789 
1.072147 
1.076537 
1.080959 
1.085414 
1.089900 
1.094420 
1.09897 I 
TOS557 
108175 
112828 
117512 
,122231 
126984 
131773 
.130596 
141453 
146345 
151275 
156238 
161236 
.166269 
171340 
-176447 
181592 
.186773 
=191995 
-197247 
.202540 


= 


ee ee ee ee 


1.39505 


Methyl 


Per cent 
Alcohol. 


by west 


oO. piv c 
SiG. 


substance. 4 


See p. 444 


0.91852 
91053 
Q1451 
91248 
91044 
90839 
.90631 
90421 
.gO2TO 
.89996 
89781 
89563 
89341 
8Q117 
58590 
88662 


-229567 
235085 
.240641 
246234 
-251866 


257538 
-203243 
.268989 
-274774 
-280595 
286456 
-2902354 
.298291 
«304267 
310282 


-316334 
322425 
-325554 
334722 
340928 
347174 
-353450 
359778 
306139 
1.372536 
1.378971 
1.385446 
1.391956 
1.398505 
1.405091 
1.411715 
1.418374 
1.425072 
1.431807 
1.438579 
1.445388 
1.452232 
1.459114 
1.406032 
1.472986 
1.479976 
1.457002 
1.494063 
1.SO115S 
1.508289 
1.515455 
1.522656 
1.529891 
1.537161 
1.544462 


1.551800 


ne ee ee ee ee | 


Sulphuric 
Acid. 


20° 74 
Dis Cc 


1.39505 
1.40487 
1.41481 
1.42487 
1.43503 


1.44530 
1.45568 
1.46015 
1.47673 
1.48740 
1.49818 
1.50904 
1.51999 
1.53102 
1.54213 
1.55333 
1.50460 
1.57595 
1.58739 
1.59890 
1.61048 
1.62213 
1.63384 
1.64560 
1.65738 
1.66917 
ae 
1.6926 

1.70433 
1.71585 
1.7 2707 
1.73827 
1.74904 
1.75943 
1.76932 
1.77860 
1.78721 
1.79509 
1.80223 
1.80864 


1.81438 
1.81950 
1.82401 


1.82790 
1.83115 


1.83368 


1.83548 
1.83637 
1.83605 


(1) Calculated from the specific gravity determinations of Doroschevski and Rozhdestvenski at 
15°/15° C.; J. Russ., Phys. Chem. Soc., 41, p. 977, 1909: eae 

(2) According to Dr. F. Plato; Wiss. Abh. der K. Normal-Eichungs-Kommission, 2, p. 153, 1900. 

(3) Calculated from Dr. Domke’s table; Wiss. Abh. der K. Normal-Eichungs-Kommission, 


5, P. 131, 1900. 
All reprinted from Circular 19, U.S. Bureau of Standards, 1913. 
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TABLE 111. ib iy 
DENSITY OF CASES. 


The following table gives the density as the weight in grams of a liter (normal liter) of the gas 
at o° C, 76 cm pressure and standard gravity, 980.665 cm/sec?, (sea-level, 45° latitude), the specific 
gravity referred to dry, carbon-dioxide-free air and to pure oxygen, and the weight in pounds per 
cubic foot. Dry, carbon-dioxide-free air is of remarkably uniform density; Guye, Kovacs and 
Wourtzel found maximum variations in the density of only 7 to 8 parts in 10,000. For highest 
accuracy pure oxygen should be used as the standard gas for specific gravities. Observed densities 
are closely proportional to the molecular weights. The following data are derived from advance 
ae oF “\ Review of the Densities of Various Gases,” to be published by the U. S. Bureau of 

tandards. 


Weight in Specific gravity 
rams egies eee as ws) ee | Pounds per 
Normal . cubic foot 
liter Air=1 


Formula 


Lal 


Acetylene I.179I_ | 0.9120 0.07361 


PANT Rey i PeEse Nanas Rohe av egens hu Bie 1.2929 i 0.08072 
Ammonia 0.7708 | 0.5962 0.04812 
NE OMMMEEW Nr the tency atsist stare lessee |i A 1.7824 1.37806 0.11127 
Carbon dioxid 1.9708 1.5290 0.12341 
Carbon monoxide........... 1.2504 | 0.9671 0.07806 
(Cinllevabols 7006 Series aed tee rere ‘ 3.214 2.4859 0.2006 
Wetamenerscetetis ajecitle Ss ws 1.3505 1.0492 0.08468 
EMGAGNE sc tose hee a 2 1.2603 0.9748 0.07868 
Fluorine 1.695 Tete 0.1058 
ERGUUUUINN tee oi cgeisy trade oles os oxsis 0.1785 0.1381 O.O11I4 
Hydrogen 0.08987 | 0.06951 0.005610 
Hydrogen bromide.......... 3.6443 2.8188 0.22751 
Hydrogen chloride.......... 1.63092 1.2679 0.10233 
Hydrogen sulphide 2 1.5392 I.1905 0.09609 
3.708 2.867 0.2315 
0.7168 0.5545 0.044 
Methyl chloride 2.3045 eee sat the 
Methyl ether 2.1096 | 1.6317 0.13170 
Methyl fluoride..:......... 154540 a) E-LO53 0.00648 
Beet ee elec sls «02 50's 0.9002 | 0.6962 0.05620 
PUMEIG OMe. i... eae 2 = 1.3402 1.0366 0.08367 
PNIUEEOR EMS 005 6 ole 6 oi cie' eis ches 1.2506 | 0.9673 0.07807 
Nitrogen, atmospheric 1.2568 | 0.9721 7 0.07846 
Nitrous oxide 2 EOWi7. |. 25207 0.12347 
Wx cecilia ec aoe ae | O 1.4290 | 1.1053 0.08921 
LPAVO(S\ 10D 8X3 acre a eee eee 1.5203 1.1828 0.09547 
EEO PANCwA reste ceases cn sc 2.0200 1.5624 0.12611 
Silicon tetrachloride i 4.6840 | 3.6229 0.29242 
Sulphur thoxides. 1... .sse0. 2.9267 | 2.2636 0.18271 
BOOMOM Mertens dividicietess eed 5-851 4.514 0.3653 


COHNITI Aun BW bv 


(x) Stahrfoss; (2) average; (3) Guye; (4) Ramsay, Leduc; (5) Guye, Puitza; (6) Rayleigh; (7) 
Jaquerod, Tourapian; (8) Batuecas; (9) Moissan; (10) Taylor; (11) Morley; (12) Moles, Reemair; 
(13) Gray, Burt; (14) Baume, Perrot; (15) Moore; (16) Baume; (17) Batuecas, Moles; (18) Wat- 
son; (19) Gray, Guye, Davila; (20) Gray, Moles; (21) Ter Gazarian; (22) Timmeraus; (23) Ger- 
mann, Booth; (24) Scheuer. 

The weight of the normal liter of the following gases has been determined with less accuracy: 
Arsine, 3.484, Dumas; Carbon oxysulphide, 2.7208, Von Than; Butane, 2.594, Frankland; Cyano- 
gen, 2.335, Gay-Lussac; Hydrogen fluoride, 0.9212, Thorpe, Hambly; Hydrogen iodide, 5.657, 
Thomson; Hydrogen selenide, 3.6702, Bruylante; Hydrogen telluride, 5.805, Ernyei; Methylamine, 
1.396, Leduc; Nitrosyl chloride, 2.9919, Wourtzel. 
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TABLE 112. 
VOLUME OF CASES. 


Values of 1 + .00367 ¢. 


The quantity 1 + .00367 ¢ gives for a gas the volume at ¢° when the pressure is kept 
constant, or the pressure at 2° when the volume is kept constant, in terms of the 
volume or the pressure at 0°. 


(a) This part of the table gives the values of 1-+ .00367/ for values of ¢ between o° 
and 10° C. by tenths of a degree. 

(b) This part gives the values of 1 +-.00367 2 for values of ¢ between — 90° and + 1990° 
C. by 10° steps. 

These two parts serve to give any intermediate value to one tenth of a degree by a sim- 
ple computation as follows:—In the (4) table find the number corresponding to 
the nearest lower temperature, and to this number add the decimal part of the 
number in the (2) table which corresponds to the difference between the nearest 
temperature in the (4) table and the actual temperature. For example, let the 
temperature be 682°.2: : 


We have for 680 in table (4) the number . ' - * 3.49560 
And for 2.2 in table (@) the decimal . : é ° + .00807 
Hence the number for 682.2 is . 3 . . + 3-50367 


(c) This part gives the logarithms of 1-+ .00367¢ for values of ¢ between — 49° and 
+ 399° C. by degrees. 

(d) This part gives the logarithms of 1 -+ .00367 ¢ for values of ¢ between 400° and 1990? 
C. by 10° steps. © 


(a) Values of 1-++.00367¢ for Values of ¢ between 0° and 10° C. by Tenths 
of a Degree. 


SS eS eee 


1.00037 1.00073 I.0O1IO 1.00147 
-00404 00440 00477 00514 
.0077 I 00807 00844 .00388 1 
01138 .O1174 .O1211 .01248 
O1505 01541 01578 O1615 


1.01872 1.01908 1.01945 1.01982 
.02239 .02275 02312 02349 
.02606 02642 .02679 027 16 
02973 .03009 03046 03083 
103340 03376 03413 03450 


OCON AW pond 


1.00257 1.00330 
.00624 .00697 
00991 010604 
01358 .O1431 
01725 01798 


1.02055 1.02092 1.02165 
.02422 .02459 : 02532 
.02789 02826 : 02899 
03156 03193 : .03266 
03523 035600 - 03633 


WOON AD ponxHO 
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TABLE 112. (continued). 
VOLUME OF GASES. 


129 


(b) Values of 1+.008677¢ for Values of ¢ between —g0° and + 1990° C. by 


10° Steps. 
00 10 20 30 40 

—000 1.00000 0.96330 0.92660 0.88990 0.85320 
+000 1.00000 1.03670 1.07 340 I.IIOIO 1.14680 
100 1.36700 1.40370 1.44040 1.47710 1.51380 
200 1.73400 1.77070 1.80740 1.84410 1.88080 
300 | 2.10100 2.13770 2.17440 2.21110 2.24780 
400 2.46800 2.50470 2.54140 2.57810 2 61480 
500 | 2.83500 2.87170 | 2.90840 2.94510 2.98180 
600 | 3.20200 3.23870 3.27540 3.31210 3.34880 
700 3.56900 3.60570 3.64240 3.67910 3-71 580 
800 3.93000 3.97270 4.00940 4.04610 4.08280 
goo {| 4.30300 4.33979 4.37040 4.41310 4.44980 


0.74310 


1000 4.67000 4.70670 4.74340 4.78010 4.81680 
1100 5.03700 5.07370 5.£1040 5-14710 5.18380 
1200 5-40400 5-44070 5-47740 5.51410 555080 
1300 5:77 100 5:80770 5.84440 5.58110 5-91780 
1400 6.13800 6.17470 6.21140 6.24810 6.28480 

1500 | 6.50500 6.54170 6.57840 6.61510 6.65180 
1600 6.87200 6.90870 6.94540 6.98210 7.01880 
1700 723900 7.27570 7-31240 7.34910 7.38580 
1800 7.60600 7.64270 7.07940 7.71610 7.75280 
1900 7-97 300 8.00970 8.04640 8.08310 8.11980 

8.34000 8.37670 8.41340 8.45010 8.48680 


‘ ao 1.25690 1.29360 1.33030 
100 1.55050 1.58720 1.62390 1.66060 1.697 30 
200 1.91750 1.95420 1.99090 2.02760 2.06430 
300 2.28450 2.32120 2.35790 2.39460 2.43130 
2 2.68820 2.72490 : 2.79830 


500 | 3.01850 3.05520 3.09190 3.12860 3.16530 
600 3.38550 3.42220 3-45890 3.49560 3-53230 
700 | 3.75250 3.78920 3.82590 3.86260 3.59930 
800 4.11950 4.15620 4.19290 4.22960 4.260630 

4.52320 | 4.55990 | 4.59660 | 4.63330 
1000 | 4.85350 4.89020 4.92690 4.96360 5.00030 

1100 5-22050 5.25720 5.29390 §-33060 5-367 30 

1200 5-587 50 5-62420 5.66090 5.69760 5-7 3430 

1300 5:95450 5-99120 6.02790 6.06460 6.10130 

1400 | 6.32150 6.35820 6.39490 6.43160 6.46830 

1500 | 6.68850 6.72520 6.76190 6.79860 6.83530 

1600 7.05550 7.09220 7.12890 7.16560 7.20230 

1700 | 7.42250 7.45920 7.49590 7.53260 7.50930 

1800 | 7.78950 7.82620 7.86290 7.89960 7.93630 

1goo | 8.15650 8.19320 8.22990 8.26660 8.30330 

2000 | 8.52350 8.56020 8.59690 8.63360 8.67030 


ces a 2 
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130 TABLE 112 (continued). 
VOLUME OF. 


(c) Logarithms of 1+ .00367¢ for Values 


Mean diff. 
per degree. 


4 


I 931051 1.929179 1.927299 ¥.925410 1.923513 
949341 947 546 945744 943934 942117 
966892 965169 903438 961701 959957 
.983762 982104 980440 978769 977092 

0.000000 998403 996801 995192 993577 


0.000000 0.001591 0.003176 0.004755 0.006329 
015653 017188 018717 020241 021760 
1030762 032244 033721 035193 036661 
045362 .046796 018224 049648 051068 
059488 060875 062259 .063637 .065012 


0.07 3168 0.074513 0.075853 0.077190 0.078522 
086431 087735 089036 090332 091624 
099301 100567 101829 -103058 104344 
111800 113030 114257 115481 -116701 
123950 125146 126339 127529 128716 - 


0.135768 0.136933 0.1 38094 0.139252 0.140408 
147274 .248408 149539 -150667 -151793 
158483 .159588 160691 161790 .162887 
-169410 170488 1715603 172635 173705 
180068 181120 182169 183216 .184260 


0.190472 0.191498 0.192523 0.193545 0.194564 
200032 201635 202035 203034 -204030 
«210559 .211540 1212518 213494 214468 
220265 221224 222180 .223135 1224087 
220759 -230097 231633 232567 233499 


«239049 0.239967 0.240884 0.241798 0.242710 
»248145 249044 -249942 250837 AY (3h 
257054 257935 1258814 259692 260567 
205734 -206645 .267 510 208370 .269228 
274343 275189 .270034 .270877 -277719 


0.2827 35 0.283566 284395 0.285222 0.286048 
-290969 1291784 292597 +293409 1294219 
-299049 299849 300048 301445 302240 
+30698 2 .307768 +308 552 «309334 Re Co) 
+314773 315544 .316314 1317083 -317850 


0.322426 0.323184 0.323941 0.324696 0.325450 
+329947 1330692 +331435 332178 -332919 
+337 339 .338072 .338803 339533 «340262 
-344608 +345329 1346048 «346706 347482 
-351758 «352406 353174 1353880 354585 


0.358791 -359488 0.360184 0.360879 0.361573 
365713 1306399 sO Or pac: a 
6372525 0373201 *373°75 «37454 1375221 
°379233 379898 380562 2381225 381887 
385439 -380494 387148 387801 388453 
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CASES. 


TABLE 112 (continued). 


of t between — 49° and + 399° C. by Degrees. 


1.921608 
940292 
958205 
+97 5409 
991957 


0.007897 
023273 
.038123 
052482 
066382 


0.079847 
092914 
‘105595 
«117917 
129899 


ea 559 
oL.52015 
163981 
174772 
185301 


0.195581 
-205624 
-21 5439 
.225038 
+234429 


0.243621 
. 252623 
‘261 441 
127008 5 
278559 


0.286872 
295028 
ee 
310095 
-318616 


0.326203 
ae 
“3409 

34 8108 
3355289 


0.362266 
3691 32 
"375802 
382548 
.389104 
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_ 1.919695 


-938460 
956447 
973719 
+990330 


0.009459 
.024781 
039581 


053093 
.067748 


0.081174 
094198 
106843 
-IIQI30 
131079 


0.142708 
154034 
.164072 
175836 
186340 


0.196596 
-20061 5 
.216409 
»225986 
*235357 


0.244529 
253512 
262313 
-270940 
279398 


«2876094. 
+295835 
+303827 
-311673 
319381 


0.326954 
334397 
341715 
348912 
355991 


0.362957 
.369813 
«376562 
.383208 
.3897 54 


1.917773 
930619 
954081 
.97 2022 
.988697 


0.011016 
.026284 
.041034 
055298 
009109 


0.082495 
095486 
.108088 
120340 
132256 


0.143854 
ISSISI 
-166161 
.176898 
-187377 

0.197608 
-207605 
Bee 


Peeks 


0.245436 
254400 
263184 
-271793 
.280234 


288515 
296640 
.304618 
-312450 
-320144 


0.327704 
1335135 
+342441 
+349624 
«356693 


0.363648 
sae 
3 7232 
(383808 
+390403 


1.915843 
934771 
-952909 
970319 
-987058 


0.012567 
.027782 
042481 
.056699 
.070466 


0.08 3811 
.096765 
109329 
121547 
-133430 


0.144997 
.150264 
.167246 
177958 
-18841I 


0.198619 
208 592 
218341 
227876 
.237 207 


.246341 
2552987 
264052 
272644 
281070 


.289326 
:297445 
+305407 
-313226 
.320906 


0.328453 
-335871 
+343164 
+350337 
357304 


0.364337 
37 1171 
-377900 
384525 
391052 


1.913904 
932915 
951129 
-968609 
985413 


0.014113 
1029274 
1043924 
058096 
.07 1819 


0.085123 
.095031 
110566 
.122750 
134601 


0.146137 
157375 
168330 
179014 
189443 


0.199626 
-209577 
+219304 
228819 
238129 


-247244 
256172 
.264919 
»273494 
281903 


290153 
-298248 
.306196 
.314000 
.321667 


0.329201 
«330606 
-343887 
1351048 
+35£093 


0.365025 
.371849 
-378567 
385183 
391699 
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Mean diff. 


per degree. 


1926 
1845 
1771 
1699 
1636 


1554 
1500 
1450 
1402 
1359 


1315 
1281 
1243 
1210 


1175 


1144 
IIIS 
1087 
1060 


1035 


IOIr 
988 
966 
946 
925 


132 TABLE 112 (continued), 
VOLUME OF GASES. 


(d) Logarithms of 1 + .00367 ¢ for Values of ¢ between 400° and 1990° OC. by 10° Steps. 


00 10 20 30 40 


400 0.392345 0.3987 56 0.405073 0.411300 0.417439 


500 0.452553 0.458139 0.463654 0.469100 0.474479 
600 505421 510371 515264 -520103 524889 
700 552547 -5§6990 561388 -565742 -570052 
800 595055 599086 603079 .607037 610958 
goo -633771 637460 -641117 -644744 648341 


1000 0.669317 0.672717 0.676090 0.679437 0.6827 59 
1100 702172 705325 708455 711563 714648 
1200 -732715 735955 738575 ‘741475 744350 
1300 701251 764004 , .766740 769459 772160 
1400 -788027 -7906016 793190 795748 798292 


1500 0.813247 0.81 5691 0.818120 0.820536 0.822939 
1600 837083 839396 841697 843956 846263 
1700 859679 861875 .864060 866234 868398 
1800 881156 883247 885327 .887 398 889459 
1900 .Qo1622 903016 905602 907578 909545 


50 60 70 80 90 


400 0.423492 0.429462 0.435351 0.441161 0.446894 


500 0.479791 0.485040 0.490225 0.495350 0.50041 
600 529623 534305 -538938 -543522 -54805 
700 574321 578548 5827 34 580880 590987 
800 614845 .618696 622515 .626299 630051 
goo 651908 655446 658955 -662437 655890 


1000 0.68605 5 0.689327 0.692574 0.695797 0.698996 
1100 -717712 720755 723770 726776 -7297 50 
1200 747218 .7 50061 752886 755092 Tae 
1300 774845 777514 -780166 -782802 -785422 
1400 .800820 803334 805834 808319 810790 


1500 0.825329 0.827705 0.830069 0.832420 0.834758 
1600 848528 850781 853023 855253 857471 
1700 870550 872692 874824 876945 879056 
1800 891510 893551 895583 897605 899618 
pe lee) OII 504 913454 915395 917327 919251 
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TaBLes 113-114. £33 


RELATIVE DENSITY OF MOIST AIR FOR DIFFERENT PRESSURES 
AND HUMIDITIES. 


TABLE 113,—Values of aaa" from h=1 to h=9, for the Computation of Different Values 


of the Ratio of Actual to Normal Barometric Pressure, 


This gives the density of moist air at pressure h in terms of the same air at normal atmosphere pres- 
sure. When air contains moisture, as is usually the case with the atmosphere, we have the 
following equation for pressure term: h=B—o.378e, where e is the vapor pressure, and B the 
corrected barometric pressure. When the necessary psychrometric observations are made the value 
of e may be taken from Table 189 and then 0.378e from Table 115, or the dew-point may be found 
and the value of 0.378e taken from Table 115, 


b EXAMPLES OF USE OF THE TABLE, 
760 
To find the value of 4 when 4 = 754.3 
70O 
h = 700 gives .92105 
1 0.0013158 to 1065789 
2 0026316 4 “  .005263 
3 0039474 3 .000395 
; 754-3 *992497 
4 0.0052632 = 
006578 
2 wahod? To find the value of a when 4 = 5.73 
‘ : 760 
h=5 gives .0065789 
7h 0,0092TO5 -7 ~«‘*£ .eco0g2r10 
8 .0105263 .03 ‘£ —.0000395 
9 -O118421 5-73 +007 5304 


TABLE 114, —Values of the logarithms of an for values of # between 80 and 340. 


Values from 8 to 80 may be got by subtracting 1 f:om the characteristic, and from o.8 to 8 by subtracting 2 from the 
characteristic, and so on. 


Values of log im 
760 


0 3 4 5 6 


1.02228 | 1.02767 | 1.03300 | 1.03826 | 1.04347 | 1.04861 | 1.05368 1.06367 
.07343| .07823) .08297| .08767] .09231| .og691|} .10146 -LIO4I 


T.1191Q | 1.12351 | 1.12779 | 1.13202 | 1.13622 | 1.14038 | 1.14449 1.15261 
.16058| .16451| .16840] .17226] .17609] .17988]| .18364] . -IQ107 
-19837 | .20197| .20555| -20909| .21261| .21611} .21956] . -226040 
-23313| .23646| .23976| .24304| .24629| .24952| .25273]| - -25907 
-26531| .20841| .27147| .27452| .27755| .28055| .28354] . 28945 


1.29528 | 1.29816 | 1.30103 | 1.30388 | 1.30671 | 1.30952 | 1.31231 | I. 1.31784 | 1 
-32331| -32601] .32870| .33137| -33403| -33667| .33929] - -34450 
-34964| .35218| .35471| -35723| -35974| .36222| .36470| . -36961 
-37446| .37686| .37926| .38164| .384c0| .38636| .38870] . 39334 
-39794| .40022| .40249| .40474| .40699] .40922| .41144] . 41585 


1.42022 | 1.42238 | 1.42454 | 1.42668 | 1.42882 | 1.43094 | 1.43305 | I. ¥.43725 | 1 
44141] .44347| -44552| -44757| -44960| .45162| .45364| . -45764 
46161} .46358| .46554| .46749| .46943| .47137| 47329 
.48091 | .48280| .48467| .48654] .48840] .49025| .49210 
.49940| .50120] .50300| .50479| .50658} .50835| .51012 


1.51713 | 1.51886 | 1.52059 | 1.52231 | 1.52402 | 1.52573 | 1.52743 |1 
-53416] .53583] -53749| -53914| -54079| -54243] -54407 
-55055| -55210| .55376| -55535| -556904| 55852] .56010 
-§6634| .56789| -56944| .57097| .57250| .57403| .57555 
-§8158| .58308] .58457| .58605] .58753| .58901| .59048 


1.59631 | 1.59775 | 1-5991Q | 1.60063 | 1.60206 | 1.60349 | 1.60491 | T 
-61055| .61195! . -61473| .61611| .61750| .61887 
62434] .62569| . .62839| .62973| .63107| .63240 
.63770| .63901| . 2) .64163| .64293] .64423] .64553 
| .65067| .65194] . .65448| .65574] .65701| .65826 
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134 TABLE 114 (continued). 
DENSITY OF AIR. 


Values of logarithms of 765 for values of i between 350 and 800. 


Values of log ca 
760 


1.66449 | 1.66573 | 1.66696 | 1.66819 | 1.66941 | 1.67064 | 1.67185 | T. 67307 1.67428 
.67669| .67790| .67909] .68029| .68148| .68267| .68385] .68 03 .68621 
68856 | .68973| .69090} .69206| .69322| .69437| . “6906 69783 
-7OOII| .70125| .70239| -70352| .70465| .70577]| . -70802| .70914 
BF E130) e7L247i 71358 eel qOo |). 7 Tis7Oql mrs oles -71907| .72016 


1.72233 | 1.72341 | 1.72449 | 1.72557 | 1.72664 | 1.72771 | 1.72 1.72985 | 1.73091 
-73303| -73408| .73514| -73619| .73723] .73828] . -74036| .74140 
-74347 | -74450| -74553 74655 -74758| .74860| . -75063| -75164 
75306] .75407] .75567| .75663| .75768| .75867| . -76066] .76165 
.76362|} .76461| .76559] .76657| .70755]| .76852 -77046| .77143 


1.77330 1.77432 1.77528 | 1.77624 | 1.77720 | 1.77815 | 1.77 1.78005 | 1.78100 
-78289 | -78383| -78477| .78570| .78664| .78757| . -78943| -79036 
-79221| .79313| -79405| -79496| -79588| .79679| . -79861 | .79952 
80133] .80223] .80313| .80403] .80493] .80582] . 80761 | .80850 
.81027| .8111§| .81203| .81291| .81379| .81467] . 4| .81642] .81729 


1.81816 | 1.81902 | 1.81989 | 1.82075 | 1.82162 | 1.82248 | 1.82334 | 1.82419 | 1.82505 | 1.82590 
82676| .82761| .82846| .82930] .83015| .83c99| .83184| .83268| .83352 83435 
83519| .83602| .83686| .83769| .83852] .83935| .84017| .84100| .84182] .84264 
84346] .84428| .84510| .84591| .84673] .84754| .8483 3 84916 | .84997| .85076 
85158] .85238| .85319] .85309} .85479) .85558] .85638] .85717| -85797| .85876 


1.85955 | 1.86034 | 1.86113 | 1.86191 | 1.86270 | 1.86348 | 1.86426 | 1.86504 | 1.86582 | 1.86660 
86737] .86815}] .86892| .86969} .87047 871 123| .87200| .87277| .87353] .87430 
87506| .87582] .87658| .87734| .87810| .87 “885 87961 | .88036| .88111]} .88186 
88261 | .88336| .88411] .88486| .88560 $8634 85708 | .88752} .88856] .88930 
89004 .89077| .89151| .89224| .89297| .89370] .89443| .89516| .89589] .89661 


1.897 34 | 1.89806 | 1.89878 | 1.89950 | I.90022 | 1.90094 | T.90166 | 1.90238 | 1.90309 | 1.90380 
90452] .90523] .90594| .90665|] .90735] .90806| .90877] .90947| -gI1017] .91088 
.QII58| .91228] .91298| .91367 ‘91437 | -91507 -91576} .91645] .o1715| .g1784 
.91853| .91922| .91990| .92059| .92128] .92196| .92264] .92333] .92401| .92469 
.92537| 92604] .92672| .92740| .92807]| .92875]| .92942| .93009| .93076] .93143 


1.93210 | 1.93277 | 1-93343 | 1-93410 | 1.93476 | 1.93543 | 1.93609 | 1.93675 | 1.93741 | 1.93807 
-93873 | -93939| -94004| .94070| -94135| .94201] .94266] .94331| .94396) .94461 
94526| .04591} .94656| .94720| .94785| -94849| -94913) .94978| .95042| .95106 
95170] .95233] -95207] -95361| -95424] -95488| .95551) .95014| .95677| .95741 
95804] .95806| .95929| .95992| .96055| -96117| .Qg6180} .96242| .96304] .96366 


1.96428 | 1.96490 | T 96552 | 1.96614 | 1.96676 | 1.967 38 | 1.96799 | 1.96861 | 1.96922 | 1.96983 
97044] .97106| .97167| .97228| .97288| .97349| -97410] -97471| .97531| -97592 
97652] .97712] .97772] .97832 97892 97951] .Q8012] .98072} .98132]| .Q8r1o1 
98251 | .98310] .98370) .98429| .98488| .98547 |. .98606| .98665} .98724| .98783 
98842] .98900} .98959| .99018) .99076| -99134| -99193| -99251| -99309| .99367 


1.99425 | 1.99483 | 1.99540 | 1.99598 | 1.99656 | 1.99713 | 1.99771 | 1.99828 | 1.99886 | 1.99942 
0.00000 | 0.00057 | 0.00114 | 0.00171 | 0.00228 | 0.00285 | 0.00342 | 0.00398 | 0.00455 | 0.0511 
00568} .00624| .00680| .00737] .00793| .00849| .00905| .cog6I| .o1017| .o1072 
.01128| .01184] .01239] .01295] .01350| .O1406| .o1461| .O1516| .o1571| .01626 
01681} .01736] .or791| .01846] .o190r| .01955] .02010] .02064| .02119| .02173 
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TABLES 115-116. I 3 5 
TABLE 115. — Values of 0.378e.* 
h 


This table gives the humidity term 0.378e, which occurs in the equation 6 = b0 55 


= bo ae for the calculation of the density of air containing aqueous vapor at pressure 
e; Oo is the density of dry air at normal temperature and barometric pressure, B the ob- 
served barometric pressure, and # = B — 0.378e, the pressure corrected for humidity. For 
values of re see Table 113. Temperatures are in degrees Centigrade, and pressures in milli- 
meters of mercury. 


e e 
Vapor 
pressure 


e 
Dew Vapor 


pressure ; point. pressure 0. 378¢ 


(ice). (water). (water). 


nm 
Gib. 
33: 
35- 
37: 
39- 
42. 


mm 

029 
054 
096 
169 
288 
480 
53° 
585 
646 
712 
783 
862 
947 
O41 
142 
252 
-373 
503 
644 
-798 
- 964 
-144 
. 340 
.550 
-778 
.025 
. 291 
.578 
.887 
. 220 
. 580 


° 


RBH HHH eS 
CRW NH OO OIAMNRW NH OTF 


HoH 
00D WCOOININIAAMUNUNUHPHHWWWWWDHDHYN DYDD ND HH 


HHH HH HHO 00000090099099999000000 
H 
HK 


AONMHOATARAWDOWWHAN BNW HO WWW O Hmm oOo 


OH PW MO WO 
DOW OOK WH DY ¢ 


Lal 
No 


PRWWWKWNHNDNHNDHHHHHHHRHOOOOOOOODOOODOOO 


* Table quoted from Smithsonian Meteorological Tables. 
TABLE 116.— Maintenance of Air at Definite. Humidities. 


Taken from Stevens, Phytopathology, 6, 428, 1916; see also Curtis, Bul. Bur. Standards, 11, 
359, 1914; Dieterici, Ann. d. Phys. u. Chem., 50, 47, 1893. The relative humidity and vapor 
pressure of aqueous vapor of moist air in equilibrium conditions above aqueous solutions of sul- 
phuric acid are given below. 


Vapor pressure. Vapor pressure. 


| 
Density of Relative Density of Relative 
acid sol. humidity. 30°C acid sol. humidity. 20° C 


mm ¢ 
31.6 1.30 58. 
30-7 1.35 47. 
29.6 I.40 ain 
28.0 I.50 18. 
I 
I 


25.4 .60 8. 
dd a 


.70 2. 
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TaBLE 117. 


PRESSURE OF COLUMNS OF MERCURY AND WATER. 


British and metric measures. 


Correct at o? C. for mercury and at 4° C. for water. 


METRIC MEASURE. BRITISH MEASURE, 
Cms.of | ingrams per | in pounds per || Zehes of | ig jr]: an pe 
sq. cm. sq. inch. Sq. cm. sq: inch. 
A 13.5956 0.193376 34-533 0.491174 
2 27.1912 0.3867 52 69.066 0.982348 
3 40.7868 0.580128 103.598 1.473522 
4 54-3824 0.773504 138.131 1.964696 
5 67.9780 0.966880 172.664 2.455870 
6 81.5736 1.160256 207.197 2.947044 
7) 95-1692 1.353032 241.730 3-438218 
8 108.7648 1.547008 276.262 3.929392 
9 122.3604 1.740384 310.795 4.420566 
10 135-9560 1.933760 345-328 4.911740 
Cms.of | gags per | da poupes per || Mebesof | jngremanee ||) Saietaaam 
20. Sq. cm. sq. inch. a sq. cm. sq- inch. 
1 I 0.0142234 1 2.54 0.036127 
2 2 0.0284468 2 5.08 0.072255 
3 3 0.0426702 3 7.62 0.108382 
4 4 0.05689 36 4 10.16 0.144510 
5 5 0.071 1170 i 12.70 0.180637 
6 6 0.08 53404 6 15.2 0.216764 
7 7 0.0995638 17.78 0.252892 
8 8 0.1137872 8 20.32 0.289019 
9 9 0.1280106 9 22.86 0.325147 
10 fe) 0.1422340 fe) 25.40 0.361274 
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TABLE 113. 137 
REDUCTION OF BAROMETRIC HEICHT TO STANDARD TEMPERATURE.? 


Corrections for brass scale and Corrections for brass scale and Corrections for glass scale and 
English measure. metric measure. metric measure. 


Height of a Height of a Height of a 
barometer in in inches for barometer in in mm. for barometer in in mm. for 
inches. temp. F. mm. temp. C. nm. temp. C. 


15.0 0.00135 0.0651 50 0.0086 
16.0 00145 .c608 0172 
17.0 O01 54 0684 0258 
17-5 -001 58 -0700 0345 
18.0 .00163 .07 16 0431 
18.5 .00167 0732 0517 
19.0 .0O172 -0749 0003 
19.5 00176 0765 

0781 0.0689 

200 0.00181 .0797 0775 
20.5 .0o185 0861 
21.0 00190 0.0813 .0895 
21.5 .00194 .08 30 .0930 
22.0 .00199 0846 .0965 
22.5 00203 ‘ 0862 0999 
23.0 00208 .0878 
2355 00212 .0894 0.1034 

-O9II -IO51 

24.0 0.00217 0927 2 -1068 
24.5 00221 0943 -1085 
25.0 .00226 -0959 1103 
25.5 00231 -1120 
20.0 .00236 0.097 5° oUn37 
26.5 00240 0992 
27.0 00245 -1008 0.1154 
27.5 .00249 1024 1172 

-1040 1189 

28.0 0.00254 1056 .1200 
28.5 00258 1073 122 
29.0 00263 1089 -1240 
29.2 00265 1105 1258 
29.4 .00267 1121 

00268 0.1275 
.00270 0.1137 1292 
.00272 1154 .1309 
. 1170 1327 
0.00274 .1186 1344 
.00276 -1202 .1361 
00277 1218 -1378 
00279 .1235 
.00281 1251 0.1464 
00283 -1267 1551 
.0028 5 .1283 -1039 
.00287 -1299 1723 


* The height of the barometer is affected by the relative thermal expansion of the mercury and 
the glass, in the case of instruments graduated on the glass tube, and by the relative expansion of 
the mercury and the metallic inclosing case, usually of brass, in the case of instrumenis graduated 
ou the brass case. This relative expansion is praciically proportional tothe first power of the tem- 
perature. The above tables of values of the coefficient of relative expansion will be found to give 
corrections almost identical with those given in the International Metecrological Tables. The 
numbers tabulated under a are the values of a in the equation Hy= H/’ — a(t’ —¢t) where Ais the 
height at the standard temperature, 4’ the observed height at the temperature /’, and a (//—/) the 
correction for temperature. The standard temperature is 0° C. for the metric system and 28°.5 F. 
forthe English system. The English barometer is correct for the temperature of melting ice at a 
temperature of approximately 28°.5 F., because of the fact that the brass scale is graduated so as 
to be standard at 62° F., while mercury has the standard density at 32° F. 

ExXAMPLE.—A barometer having a brass scale gave H = 765 mm. at 25° C.; required, the cor- 
responding reading at o° C. Here the value of a isthe mean of .1235 and .1251, or .1243;.°. a(//—2) 
= .1243 X 25=3.11. Hence Ap = 765 — 3.11 = 761.89 

N. B.—Although a is here given to three and sometimes to four significant figures, it is seldom 
worth while to use more than the nearest two-figure number. In fact, all barometers have not the 
same values for a,and when great accuracy is wanted the proper coefficients have to be deters 
mined by experiment. : 
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Free-air Altitude Term. Correction to be subtracted. 


The correction to reduce the barometer to sea-level is (g1 — g)/g X B where B is the barometer reading and g and 
g1 the value of gravity at sea-level and the place of observation respectively. The following values were computed for 
free-air values of gravity g: (Table 565). It has been customary to assume for mountain stations that the value cf 
g1 = say about } the free-air value, but a comparison of modern determinations of gi in this country shows that little 
reliance can be placed on such an assumption. Where gi is known its value should be used in the above correction 
term. (See Tables 566 and 567. Similarly for the latitude term, see succeeding tables, the true value of g should be 
used if known; the succeeding tables are based on the theoretical values, Table 565.) 


z Observed height of barometer in millimeters. 
Height 


above 
sea-level. 


meters. 


I0o ; Correction in mm to be subtracted for 
200 : height above sea-level in first column and 
300 : barometer reading in the top line. 
400 
500 
600 
700 
800 
goo 
1000 
II00 
1200 
1300 
1490 
I500 
1600 
1700 
1800 
Ig00 
2000 
2100 
2200 
2300 
2400 
2500 
2600 
2700 
2800 
2900 
3000 
3100 
3200 
3300 
3400 
3500 
3600 
3700 
3800 
3900 
4000 


a) Os 


NPWS HOOMNO OD 
HOOUO ONY AUUNHwW 


COYIIIAGVMUUNpA 


900009990900000¢ 
fe) 
nN 


st We et 
Gs Te i 


= Corrections in in. to be 

= : : ‘ ; subtracted for height above 

= sea-level in last column and 
barometer reading in bot- 
tom line. 


Height 
above 
sea-level, 


Observed height of barometer in inches. 
—EeEeE~y~L_———EEEE Eee 
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REDUCTION OF BAROMETER TO STANDARD GRAVITY.* 
METRIC MEASURES, 
From Latitude 0° to 45°, the Correction is to be Subtracted. 


540 | 560 | 580 | 600 | 620 | 640 | 660 | 680 | 700 | 720 | 740 | 760 | 780 
mm Sane mm mm mm mm mm. eae mm Inm mm mm mm 
—I.45/—I.50\—1.55|—1 .61/—1 .66—1 .71|—1.77|—1 .82|I .87| 1 .9 3 I .g8 —2.04 —2..09 
1.37,—1.42)—I.48}—1 .53|\—1 . 58,1 .64,—I .69| 1. 74/—I .79| —1 .85| I .g0|1 .9 5 -2. 00 —2.06 
See t.30| 1.42) 1:47) 1.52) 1.57] 1.63) 1.68) 1.73) 1.78 1.83} 1.89] 1.94] I.99 
Tes ee MOWmela tO m5 0\) e560) stor)  .06| ui.72) 1.771 P1.82) .1.G7] 1-92] 1.08 
} eed ee sO 44) eh. AO) 9.55) h-O0) -.65| 9£.70) 1.75) 1-80] 1-85] 1-91) 1-06 
ait .g0) hg) E48) 1.53) 1-58) 1.63) .1.68) 1.73) 1.78 1.84) 1.89) 1.94 
. 1.31-—1.36—1.41}—1.46\—1.51/—1.56—1.61/—1.66-1.71/—1.76—1.81/—1 .86—1 .g2—1 
| eens) 30) 1.44) 91.40) 1-54) 1.50) -1.64) 1.60) 1.74) 1.79) 1.84) 1.89 
| Mey mins eel. s/t Ah Ay) stoG2|| 9-1. 57i) £02) 1.67) .1.72| 1276) 1.81)’ 1586 
Seer. 25) 1.30) 1.35| £.40)*1.45) 1.50) 1.54) 1.59) 1.64) 1.60) 1.74) 1.78). 1.83! 
Seeer.23| 1.28 1.33) 1.38) 1.42] 1.47 Tee ha Sol OlleenO0) lez Tl an e75|) o1s0 
| 
| | 1. 21.—1.26—1 . 30|— 1... 35| 1. 40} I . 44-1 . 49, —1 . 541 . 58-1 .63| 1 .67 1.72 —1.77\— 
| eta .23) 1.25) 8.32) 1.37} 1.41| 1.46) 1-50) 1.55] 2-60) 1.64] 1.69) 1.73 
ly Bare re 2O) 60.25) 91.20) 1.34) 1.39) 1.43) 1.47} 1-52) 1.56) . 1.60) 1.65) 1-60 
| ree eto 22| 0.20!) sil) ei. 35) 0.30) D-44| 1.48!) 1.52] deS7} t6r) 1.65 
| OMe noe tocol bo 23 Ter 1.32) 1.26) 1.40) L.4dl 1.48) 2.530 1.S7 1.65 
| 
| I.07|—I.11/—I.16|—1. 20—1 .24\—1 . 28; 1 . 32/1 . 36; I . 40-1. 44| I . 49 1 . 5 3; -1.57/ — 
| meen Ge) Let2| 1.16 1.20). 1.24) 1.28) 1.32) 1.36). 1.40] 1.44) 1.48) 1.52 
| eon ann OS| 1.00) she ES) 01.16 1-20) 1.24) 1-28) 1.32) 1.36) 1.40) 4.44) 1.48 
Oo mete OLlet.O5| ef-O0) 1.13) 1:16) 0.20) 1.24) ©.28|\\-1.31| 1-35) 1-30) 1243 
| Broa mO-Oo OL] 1205! 1.08) 1.12 1.16) T-1o] 1.23) §.27) 1-30) 1.34) 1.37 
0.90;—0.94/—0.97|—I .O1| I .04/—-1 .O8| —1.. 11-1, 15; 1. 18, — 1. 22,1. 25| 1. 29|—_1. 32.-—— 
| eee GaO.93) 0.97} 1.00) 1.03) 1-07] .1.10| 1.13) 1.17] 1.20) 1.23] 1.27 
DeSsiO.G0)) 0.95) O;92| 0.66) ©.90) 1.02) 1.05) 1.08] 1.12] 1.15) 1.18] 1.21 
BeavOlmO-s2) 60.85) 0.88) 0.91) 0:04) ©.07| T.00| 1.03) 1.06] I-00) 1.12) ‘1.15 
75) 0.70) ©.81) 0.84) 0.86 0.89 0.92) 0.95) 0.98 1.01], I-04] 1.07] 1.10 
—0.71—0.74,—0.76;—0. 79 —0.82\—0..85\—0..87\—0 ..g0, 0 .93|—0..95| 0. 98,1 .o1|—1 .04,— 
Oo. 0.69} 0.72) 0.74) 0.77; 0.80} 0.82) 0.85] 0.87] 0.90, 0.92] 0.95| 0.98 
O. 0.65| 0.67) 0.70) 0.72) 9.74) 0.77] 0.79, 0.82} 0.84] 0.86! 0.80] 0.01 
fo. 0.60} 0.63) 0.65; 0.67; 0.69] 0.72) 0.74] 0.76} 0.78} 0.80) 0.83) 0.85 
©. 0.56] 0.58} 0.60) 0.62} 0.64 0.66 0.68) 0.70/ 0.72) 0.74] 0.76) 0.79 
—0.51—0.53 —0.55 —0.57,—0. 50/0. 61|\—0.63: 0 .6 4,0 .66; 0.68; 0. 70-0. 72,0. 
0.46} 0.48 0.50) 0.52) 0.53] 0.55] 0.57| 0-58 0.60) 0.62) 0.64) 0.65] o. 
0.42) 0.43) 0.45) 0.46, 0.48 0.49] 0.51} 0.52) 0.54) 0.56] 0.57] 0.59] oO. 
0.37, 0.38} 0.40) 0.41/ 0.42) 0.44) 0.45] 0.46) 0.48) 0.49] 0.51] 0.52] Oo. 
0.32} 0.33] 0.34) 0.36, 0.37| 0.38) 0.30 0.40) 0.42) 0.43] 0.44) 0.45] oO. 
—0.27—0.28 —0.29—0. 30 —0. 31 —0. 32 —0. 33,0. 34 —0.. 35-0. 300. 37,0. 38 —0. 
On 22! O.231.40-24! 10.25) 10226) 0).26)) 0.27] ©.28) 0.20] 0-30) 0:30) 0.31) 0. 
O47] 10.10) <0-19|) 0210) (G.20|: .0.27)  O/21| 0.22) .0.22) .0.23| 0.24) 0.24): o, 
fe eOnt ZO. 13) O213) O14) 10214) O.05|) 10.05] ,0..16) 0.16) ©.16) |.0.17] 0.17) Ox 
07| 0.07; 0.08 0.08 0.08 0.08] 0.09) 0.09} 0.09] 0.10} 0.10} 0.10] O.I0| oO. 
02 —0.02—0.03—-0.03, 0.03 0.03 —0.03 —0. 030.03) -0.03,—0.03—0 03|\—0.03'—o. 
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REDUCTION OF BAROMETER TO STANDARD GRAVITY.* 
METRIC MEASURES. 
From Latitude 46° to 90°, the Correction is to be Added. 


zee 520 | 540 | 560 | 580 | 600 | 620 | 640 | 660 | 680 | 700 | 720 | 740 | 760 
mm. mm. mm. mm. mm. mm. mm. mm. mm. area | aia mm. mm. 
45 |—o.02\—0.02—0.03;\—0.03;—0 .03 —O.03 —0.03;—0 .03/ 0.03, 0 .03|-0..03| 0.03; 0.03 
46 |+0.02|+0.03/+0.03|+0.03)/+0.03 +0.03 +0.03 +0.03)--0.03/+-0.03/4-0.03|-+-0.03/-+-0 
47 | 0.07| 0.08) 0.08) 0.08) 0.08, 0.09} 0.06] 0.09) 0.09; 0.10) 0.10] 0.10] © 
AS | 6.12) O-12| 0.13] 0-13) 0.14) ©. ¥4) 0.15] ©-45) 0.16) (0.16) 0-17) Soar 
49 | 0.17] 0.17] 0.18} 0.19] 0.19] 0.20) 0.21] 0.21| 0.22] 0.23) 0.23) 0.24) © 
50 | 0.22) 0.22) 0.23| 0.24) 0.25) 0.26) 0.26, 0.27/ 0.28) 0.29] 0.30) 0.31) © 
51 |-+0.26+0.27,+0.28)+0.29+0.30+0.31/+0.32/+0.33)/+0.34+0.35/+0.36/+0.37|+0 
52| 0.31/ 0.32) 0.33] 0-34! 0-36, 0.37] 0.38] 0.39) 0.40! 0.42| 0.43) 0.44) © 
53 | 0.36) 0.37] 0.38) 0.40| 0.41] 0.42) 0.44 0.45) 0.46 0.48] 0.40) 0.51] O 
54 | 0.40| 0.42) 0.43) 0.45] 0.46, 0.48) 0.49) 0.51] 0.52) 0.54) 0.56] .057| 0 
55) 0-45] 0-46 0-48) 0.50| 0.52] 0.53) 0.55) 0.57) 0.58] ©.60| O62) 0.64) Oo 
56 |-+0.49-+0.51+0.53/+0.55+0-57\+0-59|+-0.60/+0.62+0.64\+-0.66,+0.68 +0-70+0 
57 | 0.54] 0-56 0-58) 0-60] 0.62) 0.64) 0.66, 0.68 0.70) 0.72] 0.74, 0.76) oO 
58] 0-58, 0.60 0.62) 0.65) 0-67] 0.69) 0.71) 0.74| 0.76) 0-78 0-80) 0.82) oO 
59 | 0.62, 0.65) 0.67, 0-69) 0-72) 0.74| 0-77| 0.79| 0.81) 0.84) 0.86) 0.89] o 
60 | 0.66] 0.69) 0.72) 0.74, 0.77] 0-79] 0.82) 0.84) 0-87] 0.89) 0-92) 0.94) O 
61 |+0.71+0.73-+0.76+0.79|+-0-81)/+0-84/+0.87|+0.89|+0.92/+0-95)/+0-98)+1.00-+1. 
62] 0.74) 0.77| 0-80) 0.83) 0.85) 0.88) 0.91) 0.94) 0-97) 1-00, 1-02) 1-05) I 
631 0.78 0.81] 0.85) 0.88 0.91] 0.94) 0.97| 1.00} 1-03] 1.06) 1.09] 1-12) I 
64] 0-82) 0.85) 0.89] 0.92) 0-95] 0-98) 1.01] 1.04) 1.08) 1.11) 1.14) 1-17} 1 
65 | 0-86] 0-89) ©.93| 0.96) 0-99). 1-03] 1-06) 1.09] 1.13) 1-16) I-IO| T-22)0 
66 |-+0.90\+0 93/+0.97)\+1-00|+-1-04/-+1-07/+-1.10/+1.14/+1.17/+-1.21|+1-24/4+-1.28)1. 
67 | 0.93|@-07) 1-00) 1.04) 1-08) ¥-51) V.15) 1.18) 1-22) (e225) Pe-2oeasie 
68) Ox07) 1-00) “r-04) 9“1-08|  E-41| 91.15) 1-19) 1-23) 1226) Po 30\ en ag4 eee ee 
69)| 1.00) 1-04) 1-08) T-TI| 1-05) Yo19) 1-23) 1227/ 1-30) “b)34\ etoseleeme tele 
7Q | 1.03) (1-07)  I-11| 1-15] 1.10) ©-23) 0.27) 1-31| W335) 1-30) ta4sleee ee 
41 J4+1.06+1.10-+1.14)-+1.18)-+1.22/+1.26+-1.31/+1-35/+1-30/+1.43/+1-47/+1-51/-+1- 
72 ete OO| a. USiin Let) ent 22 1-26, 1-30) 1-34) 1.38)  T-42) (147) onesies ee 
73| ¥.t2| 1-26) 7-20) 1.25/ 1-29) 1-33). 1-37) I-42| 91-46) 1-50) ye S5ieene sol 
74 | 1.14, T-19O| 1-23) 1.28) 1.32) 1.36) 1-41) 1-45) 1.50) 1-54) 158) er-Og)em 
ye T.17|* 020 2.26 1.30) B-35| 1.39) 1.44) Vv: 48) 1.53) 1-57] ebs02|eeaoomml 
76 |+1.1g +1.24+1.28+1.33/+1.37/+1.42\+1.47/+1.51/+1.56)+1.60/+1.65|+-1.70/+1 
77) (0.21) ©-26)) I-31) 1.35|  1-40) 1.45] E.49) 1.54) 150) 1 03|) rece aa aleee 
7S | 1.23) 1.28) 1.33) 1-38) 2-42) 0.47) 2-52) 90 57) 16) 1 O0l air 7alleeieolmee 
79 | 1.25) 1.30) 1-35) 1.40) 1.45) 1.40) 2-54) 1.50) 1:64) 1-60) Srezaieeme eee 
80 |) 1.27 9 1-32] 91-37) 1-42) 1-47) 2.51) B56) 1-61] m6) 91. 7| enolate 
81 J+1.29+1.33/,+1.38+1.43)+1.484+1.53)+1.58 +1.63)+1.68+1.73\+1.78)+1.83/4+1 
82 rs 30) r-45 |) eo) Nar 45 er SO) 55) LOO) re O5|i 1-70) ta 75| enone omen 
83) real 91.36) 86. 4t) 1-46) bss) 56) 6 1:67) 1.72) a7) eee eee ee 
84 | 1.32| 1-37| 1.42] 1.48) 31.53) 1.58) 1.63) 1-68) 1.73) 1-7Sit-Oglmeucoee 
85 | 1.33] 1-38) 1.43) 1.49) 1.54) 1.50) 1-64) 1260) 99274) 1-79) er se4l ergo 
90 |+1.35,+1.41/+1.46+1.51/+1.56+1.61+1.67\+1.72/+1.77/+1.82|+-1.87/+1.93/+1. 
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ENGLISH MEASURES. 


From Latitude 0° to 45°, the Correction is to be Subtracted. 


REDUCTION OF BAROMETER TO STANDARD GRAVITY.* 
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24 25 26 27 28 29 30 

Inch Inch. Inch Inch. Inch, Inch. Inch. 
064/—0 .067;\—0. 070|—0 ..072;— 0.075 —0..078'—0.. o80 
: 063\—0 . 066,—0.069\—0..071;—0 .074.—0 .077 —0..079 
O. 063| 0.066) 0.068) 0.071} 0.073) 0.076) 0.079 
Oo. 062) 0.065| 0.068) 0.070) 0.073) 0.075) 0.078 
O. 062} 0.064) 0.067/ 0.070) 0.072) 0.075) 0.077 
O. 061} 0.064, 0.066) 0.069] 0.071| 0.074) 0.076 
.050\—0. (0) O. 0.060;—0.. 063\—0. 066,—0 .068;—0 . 07 1— 0.0730. 076) 
047} 0.050} 0.052) 0.055} 0.057) 0.060) 0.062) 0.065) 0.067) 0.070) 0.072) 0.075 
047| 0.049} 0.051/ 0.054; 0.056| 0.059] 0.061| 0.064; 0.066) 0.069| 0.071| 0.074 
.046] 0.048) 0.051] 0.053) 0.055] 0.058] 0.060) 0.063) 0.065] 0.068) 0.070) 0.072 
.045| 0.047} 0.050} 0.052} 0.055] 0.057/ 0.059] 0.062) 0.064) 0.066) 0.069] 0.071 
.044|\—0..047;—0..049 —0 ..051;—0..053|—0.. 056|0.. 058|—0.. 0600 . 063| -0.. 0650. 067|0 .070 
.043| 0.046) 0.048 0.050| 0.052) 0.055/ 0.057/ 0.050) 0.062) 0.064 0.066) 0.068 
.042| 0.045, 0.047| 0.049) 0.051} 0.053) 0.056) 0.058) 0.060) 0.062) 0.065) 0.067 
041} 0.044} 0.046 0.048) 0.050) 0.052) 0.054) 0.057) 0.059] ©.C61) 0.063) 0.065 
.040| 0.042} 0.045) 0.047) 0.049] 0.051] 0.053/ 0.055) 0.057; 0.059) 0.062) 0.064 
.039—0 .041 —O0.043 —0. 04£|—0.047,—0..050;—0..052—0..054—0..056, —0.058 —0.. 060 —o . 062 
038] ©.040| 0.042) 0.044) 0.046) 0.048) 0.050) 0.052) 0.054) 0.056! 0.058! 0.060 
037| 0.039) 0.041| 0.043] 0.045] 0.047] 0.049] 0.050} 0.052) 0.054| 0.056) 0.058 
.036| 0.038) 0.030] 0.041| 0.043| 0.045] 0.047) 0.040) 0.051| 0.053| 0.054) 0.056 
.034, 0.036) 0.038) 0.040) 0.042) 0.043| 0.045| ©0.047| 0.049] 0.051] 0.052) 0.054 
.033/—0.035—0.037 —0.038—0. 040/—0..042'—0.. 043-0 .045—0 047 —0 .049—0.050'—0..052 
032| 0.033| 0.035] 0.037] 0.038) ©.040| 0.042| 0.043) 0.045] 0.047] 0.048] 0.050 
030} 0.032} 0.033) 0.035) 0.037; 0.038) 0.040) 0.041} 0.043] 0.045} 0.046) 0.048 
029} 0.030) 0.032) 0.033) 0.035| 0.036) 0.038) 0.039) ©.041| 0.043) 0.044) 0.046 
027| 0.029) 0.030) 0.032) 0.033) 0.035] 0.036) 0.037] 0.030] 0.040| 0.042) 0.043 
026,—0 .027—0 .029 —0.030—0 . 031 —0.033|/—0 ..034— 0.0350. 037; 0.0380 ..040|\-0..04 
024) ©.026| 0.027; 0.028] 0.030) 0.031/ 0.032) 0.033) 0.035| 0.036) 0.037| 0.038 
.023| 0.024, 0.025] 0.026) 0.028) 0.029] 0.030| 0.031| 0.032) 0 034) 0.035| 0.036 
021; 0.022) 0.023) 0.025) 0.026) 0.027| 0.028) 0.029] 0.030) 0.031} 0.032) 0.034 
020| 0.021} 0.022) 0.023) 0.024) 0.025| 0.026/ 0.027| 0.028) 0.029} 0.030] 0.031 
018)/—0.019,—0.020\—0 .021|/—0..022;—0 .023;—0 .024;—0 .025|_0 .026;_0..027;_0..027/— 0.028 
016} 0.017| 0.018} 0.019) 0.020) 0.021| 0.022) 0.022) 0.023/ 0.024) 0.025) 0.026 
O15} 0.015] 0.016 O.017| 0.018) 0.019) ©O.O19| 0.020) 0.021) 0.022| 0.022) 0.023 
O13} 0.014) 0.014) 0.015} 0.016} 0.016| 0.017; 0.018} 0.018) 0.019) 0.020) 0.020 
OII| ©.012) ©.012| 0.013) 0.014) O.O14| O.015| 0.015) 0.016) 0.017} 0.017) 0.018 
O10\—0.010/'—0..O11/—0. O11|\—0..012—0..012|—0.013;0.013, 0.014 0.0140. 0150.05, 
008} 0.008} 0.009} 0.000} 0.000] 0.010) 0.010) ©.OII| O.OII| 0.012) 0.012) 0.012 
006 0.006) 0.007) 0.007) 0.007) 0.008) 0.008) 0.008) 0.009) 0.009) 0.009) 0.010 
004; 0.005) 0.005} 0.005] 0.005} 0.005| 0.006) 0.006) 0.006) 0.006) 0.007; 0.007 
003] 0.003) 0.003) 0.003) 0.003) 0.003! 0.003} 0.004) 0.004) 0.004) 0.004) 0.004) 
oot 0.001 —0.001I|—O.001/—0 .001I'—0 ..001I|—0..00I'—0..001|—0..001|—_O .001|_0.. 001 |_0 ..OOI 
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REDUCTION OF BAROMETER TO STANDARD GRAVITY.* 
ENGLISH MEASURES. 
From Latitude 46° to 90° the Correction is to be Added. 
Lati- 
eal 119 20))| 21 22 23 24 25 26m 927 28 29 
( 
Inch. Inch. Inch. Inch. Inch. Inch. Inch. Inch. Inch. . Inch. Inch. 

45 |—0.001;—0.001|—0..001|—0..001|—0..001/—0. 001 — 0.0010. 001 —0.001 —0 .001/—0. 
46 |+0.907|++-0.001|-+0.001|--0. 001|--0.001|-+0.001|--0.001|-+0.001|+0.001/-+0.001|-Fo. 
47 | 0.003) 0.003) 0.003|/ 0.003] 0.003/ 0.003) 0.003) 0.004; 0.004) 0.004) O. 
48 | 0.004) 0.005] 0.005] 0.005) 0.005] C€.006) 0.006) 0.006) 0.006) 0.006) oO. 
49 | 0.006) 0.006| 0.007/ 0.007} 0.007] 0.008) 0.008) 0.008) 0.0009] 0.009] Oo. 
50 | 0.008 0.008] 0.009] 0.009) 0.010) ©.O010) 0.010) 0.011) 0.011; ©O.012) O. 
51 |++-0.010|++0.010+0.011|+0.011/+0.012|-++0.012/+0.013/-++-0.013|/+0.014/-+-0.014|+0. 
52 | ©.O11| 0.012| 0.012) 0.013) 0.014) O.O14) 0.015} 0.015; 0.016) 0.016) O. 
53 | 0-013] 0.014 0.014) 0.015) 0.016) 0O.016/ ©.017/ 0.018} 0.018) 0.019) O. 
54| 0.015) 0.015}. 0.016] 0.017| 0.018) 0.019) O.OI9| 0.020) 0.021) 0.022) O. 
55 | 0.016] 0.017| 0.018] 0.019] 0.020) 0.021} 0.021; 0.022) 0.023) 0.024) O. 
56 |+0.018)-+0.019+0.020|-+0.023|+0.022|+0.023|-+0.024|+0.024 +0.026+0.026-+0.6 
57 | 0.020| 0.021| 0.022) 0.023| 0.024) 0.025| 0.026| 0.027) 0.028! 0.029) O. 
58] 0.021] 0.022) 0.023) 0.025) 0.026| 0.027| 0.028) 0.020) 0.030) 0.031] O. 
59 | 0.023] 0.024| 0.025] 0.026) 0.028) 0.029] 0.030| 0.031| 0.032) 0.033] O. 
60} 0.024) 0.026| 0.027] 0.028] 0.029] 0.031) 0.032) 0.033) 0.034) 0.036) oO. 
61 |+-0.026/++0.027/+0.028/+0.030/+0.031)/+0.033)/+0.034/+0.035/+0.037/+0.038/+0. 
62] 0.027/ 0.020) 0.030} 0.032) 0.033) 0.034) 0.036) 0.037| 0.039! 0.040) oO. 
63 | 0.020] 0.030) 0.032) 0.033) 0.035) 0.036) 0.038] 0.030} 0.041| 0.042) oO. 
64] 0.030) 0.032) 0.033] 0.035) 0.036] 0.038} 0.040| 0.041) 0.043] 0.044] oO. 
65] 0.031} 0.033/ 0.035] 0.036] 0.038) 0.040) ©.041/ 0.043) 0.045] 0.046) ©. 
66 |+0.033/++0.034|--0.036)/-+0.038|/+0.040|-+0.041/-++0.043/-+-0.045|+0.047|-++0.048|--O. 
67 | 0.034) 0.036) 0.038) 0.030] ©.041| 0.043) 0.045| 0.047) 0.048) 0.050) O. 
68 | 0.035} 0.037| 0.039) ©.041| 0.043) 0.045] 0.046) 0.048] 0.050) 0.052) oO. 
69 | 0.036) 0.038) 0.040) 0.042) 0.044] 0.046] 0.048 0.050) 0.052) 0.054] 0. 
70} 0.038) 0.040) 0.042) 0.044) 0.046| 0.048] 0.050) 0.052) 0.053} 0.055] O. 
71 1+0.039|+0.041|-++0.043/4+-0.045|+0.047|+.0.049|+0.051|4+-0.053/+0.055/+-0.057|-0. 
72} 0.040| 0.042) 0.044] 0.046) 0.048) 0.050) 0.052) 0.054) 0.057| 0.059) O. 
73} 0.041) 9.043) 0.045] 0.047| 0.049] 0.052) 0.054) 0.056) 0.058) 0.060) 0. 
74) 0.042| 0.044) 0.046) 0.048) 0.051) 0.053) 0.055) 0.057) 0.059) ©.062| O. 
7541 0.043) 0.045! ©.047| 0.049] 0.052} 0.054] 0.056) 0.058) ©.061| 0.063) 0. 
76 |+0.044|+0.046/-+0.048|-+0.050|--0.053/-+0.055/+0.057/+0.060,+0.062/+0.064| 0. 
77 | 0.044) 0.047) 0.049) 0.051) 0.054; 0.056) 0.058) 0.061] 0.063] 0.065) 0. 
78 | 0.045| 0.047] 0.050| ©.052| 0.055; 0.057] 0.050] 0.062) 0.064) 0.066) 0. 
79 | 0.046] 0.048] 0.051| 0.053/ 0.055| 0.058] 0.060| 0.063) 0.065] 0.067] O. 
80 | 0.046} 0.049] 0.051] 0.054) 0.056] 0.059) 0.061| 0.063) 0.066) 0.068) Oo. 
81 |+0.047|+0.049,+0.052|-+0.054/+0.057|+0.059 +0.062/-+0.064-+0.067|-+0.069|+0. 
82 | 0.047) 0.050) 0.052) 0.055) 0.057| 0.060| 0.062) 0.065) 0.067) 0.070) 0. 
83 | 0.048} 0.050) 0.053) 0.056| 0.058) 0.061| 0.063|/ 0.066) 0.068) 0.071] O. 
84] 0.048] 0.051; 0.053) 0.056) 0.059] 0.061| 0.064) 0.066; 0.060) 0.071] O. 
85 | 0.040} 0.051) 0.054) 0.056) 0.059! 0.061| 0.064 0.067|/ 0.069| 0.072] Oo. 
90 !+0.049|-+0.052!-+0.055!-+0.057/+0.060!+0.062!-+0.065'++0.068|--0. 070!-+-0 .073/4-0.07! 


* © Smithsonian Meteorological Tables.” 
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TABLES 124-125, 143 
TABLE 124,— Correction of the Barometer for Capillarity.* © 


1. METRIC MEASURE. 


HeiGHT oF Meniscus In MILLIMETERS. 


Diameter 


SEnaee 0.4 | 0.6 | 08 | 1.0 | 12 | 14 | 16 | 18 


in mm, 


Correction to be added in millimeters. 


2. BRITISH MEASURE. 


HEIGHT oF MENISCUS IN INCHES. 


of tube OL 


Diameter 
in inches. 


.02 | .03 | 04 | 05 .06 | .07 


Correction to be added in inches. 


0.069 0.092 0.116 
JOBS 1045 059 
028 -037 

018 .023 

O12 O15 

.008 O10 

005 .007 

.004 .005 

.002 003 


* The first table is from Kohlrausch (Experimental Physics), and is based on the experiments of Mendelejeff and 
Gutkowski (Jour. de Phys. Chem. Geo. Petersburg, 1877, or Wied. Beib. 1877). The second table has been calcu- 
lated from the same data by conversion into inches and graphic interpolation. 


TABLE 125.— Volume of Mercury Meniscus in Cu. Mm. 


Diameter of tube in mm. 


Height of 
meniscus, 


Scheel und Heuse, Annalen der Physik, 33, p. 2915 1910. 
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TAA TABLE 126. 
BAROMETRIC PRESSURES CORRESPONDING TO THE TEMPERATURE 
OF THE BOILING POINT OF WATER. 


Useful when a boiling-point apparatus is used in the determination of heights. Copied from 
the Smithsonian Meteorological Tables, 4th revised edition. 
(A) METRIC UNITS. 


| Tem- 
perature. 
mm. mm. 
355-40] 356.84 
.03| 371.52 
fii6) 
SI 
-99 
a fi 
450.99 
468.84 
487.28 
506.32 


525-97 


754-59 
781.95 


Inches. ; Inches. | Inches. Inches. . | Inches. . | Inches. | Inches. 
17.075 |17.112|17.150|17. 17.224] 17. 17.300] 17. 17.375 | 17.413 
17.450 |17.488]17.526] 17. 17.602] 17.641] 17.679] 17. 17.756] 17.794 
17.092 |17 078 1a7- .948| 17.987] 18. 18.065] 18.104 | 18.143] 18. 182 
18.221 |18.261|18. : 18.379| 18. 18.458] 18. 18.538| 18.578 
18.618 18.658] 18. ; 18.778] 18. 18.859] 18. 18.940] 18.980 

| 


| 0-0 IQ. , 19.184] 19. 19.266] 19. 19.349] 19.390 
431 .19.473| 19. : 19.598] 19. 19.681] 19. 19.765| 19.807 
.849; 19. 932 : 20.019] 20. 20.104] 20. 20.189] 20.232 
.275| 20. : ; 20.447| 20. 20.533] 20. 20.620] 20.664 


-707 | 20. ; : 20.883] 20. 20.971] 21. 21.059] 21.103 


.148) 21. - . 21.326] 21. 21.416] 21. 21.506] 21.551 
BbO7 | 2k ; : | 21.778| 21. 21.870] 21. 21.961] 22.007 
7053 ,22- (22. , 22'.230) 22. 22.331 22k 22.424) 22.471 
22.706) 22. 22.800] 22. 22.895 | 22.942 
23.181 | 23. 23.277|23. 23-374] 23.422 


23.665 | 23. 23.763| 23. 23.861] 23.910 
24.157 |24.207| 24.257 | 24.307 | 24.357 
24.658) 24. 24.759] 24. 24.861 
25.168|25. 25.271 : 25.374 
25.686] 25. 25.791|25. 25.8096 


26.213] 26. 26.319) 26. 26.426 
26.749 | 26. 26.857 | 26. 26.966 
27.204|27. 27.404] 27. 27.515 
27.848] 27. 27.960} 28. 28.073 
28.412] 28. 28.526] 28. 28.640 


2| 29.100] 29. 29.216 
29.685 | 29.744 | 29.803 
30.279] 30. 30.309 
30.883] 30. 31.005 
31-435 | 31-497| 31. 31-621 
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a 


TaBLe 127, 145 


DETERMINATION OF HEICHTS BY THE BAROMETER. 


é 

Formula of Babinet: Z = C z = 3. 
C (in feet) = 52494 [: —- | English measures. 
goo 


C (in meters) = 16000 [: + He metric measures. 
1000 


In which Z = difference of height of two stations in feet or meters. 
By, B = barometric readings at the lower and upper stations respectively, corrected for all 
sources of instrumental error. 
%, ¢ = air temperatures at the lower and upper stations respectively. 


: Values of C. 


ENGLISH MEASURES. METRIC MEASURES. 


4 (t +2). Log C 4 (+2). (& Log C 


Fahr. Cent. Meters. 

| 10° 4.698 34 —10° 15360 4.18639 
15 70339 15488 19000 
15016 -19357 
20 4.70837 15744 19712 
25 -71330 15872 -20063 


30 4.71818 16000 4.20412 
35 -72300 16128 .20758 
16256 21101 
40 4.72777 16384 .21442 

73248 16512 .21780 


4.73715 16640 22115 
74177 16768 22448 
16896 .22778 
4.74633 17024 23106 
75085 17152 .23431 


4.75532 17280 -23754 
75975 17408 -2407 5 
17536 -24303 
4.76413 17664 .24709 
76847 17792 25022 


4.77276 17920 4-25334 

-77702 18048 25043 
1817 .25950 
4.78123 18304 26255 


Values only approximate. Not good for great altitudes. A more<ccurate formula with 
corresponding tables may be found in Smithsonian Meteorological Tables. 
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TABLE 128. 
VELOCITY OF SOUND IN SOLIDS. 


Thevelocity of sounds in solids varies as VE/p, where E is Young’s Modulus of elasticity and p the 
dnsity. These constants for most of the materials given in this table vary through a somewhat 
ride range, and hence the numbers can only be nakee as rough approximations to the velocit 
which may be obtained in any particular case. When temperatures are not marked, between 10 
and 20° is to be understood. 
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Velocity in | Velocity in 
Substance. meters per| feet per Authority. 
second, second, 


Metals: Aluminum : , 3 5104 16740 | Masson. 
Brass : - . 3500 11480 | Various, 
Cadmium . : : 2307 7570 | Masson. 
Cobalt A ; “ 4724 15500 ss 
Copper. : 5 : 3500 11670 | Wertheim. 

rs ; : - - 3290 10800 S 
ss ; : : - 2950 9690 s 
Gold (soft) - : : 1743 5717 = 
“ (hard) : ‘ 2100 6890 | Various. 
Iron and soft steel . 5000 16410 a 
Iron . é é : 5130 16820 | Wertheim. 
RP | ats . : . - 5300 17390 * 
5 ci ‘ c : 4720 15480 
cast steel . : : 4990 16360 
oy Ss 5 2 : 4790 15710 
Lead. é : cs : 122 4026 
Magnesium . 4602 15100 | Melde. 
Nickel : ; - 4973 16320 | Masson. 
Palladium . 3150 10340 Various, 
Platinum . : 2690 8815 | Wertheim. 
P . 2570 8437 e 
G ; : 2460 8079 
Silver - : : 2610 8553 
cs : 2640 8058 
lain) ts : 2500 8200 | Various. 
Zine . : : 3700 12140 

Various: Brick : : : 3652 11980 | Chladni. 

Clay rock C : : 3480 11420 | Gray & Milne, 
Cork : : . 500 1640 | Stefan. 
Granite . : : 3950 12960 | Gray & Milne. 
Marble . : : : 3510 12500 £ 
Paraffin . : : 1304 4280 | Warburg. 
Slate : A : : 4510 14800 | Gray & Milne. 
Tallow. 2 ; ; 1280 | Warburg. 
Tuff . Pe 23 50 | Gray & Milne. 

rom 160410 Various. 
Glass =a 19690 ee 


Ivory : ; ‘ : 9886 | Ciccone & Campanile. 
Vulcanized rubber 177 Exner. 
(black) 102 “ 


“ 6“ (red) k 226 “ 


ae Hs - 3 III “ 
Wax s : ° c 2890 Stefan. 
. < : : ; 1450 “ 
Woods: Ash, along the fibre . : 15310 | Wertheim. 
“across the rings 4570 6 
“along the rings ; 2 4140 
Beech, along the fibre. c 10960 
“across the rings . 5 6030 
“along the rings . 4640 
Elm, along the fibre : 2 13516 
< across the rings ~~ 2 4065 
“ along the rings : 3324 
Fir, along the fibre . : 15220 
cae 13470 
: : 12620 
10900 | 
- : 14050 
Sycamore : 14640 
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po wii TABLE 129. 
VELOCITY OF SOUND IN LIQUIDS AND GASES. 


For gases, the velocity of sound=y-,P/p, where P is the pressure, p the density, and: ¥ the ratio of 
specific heat at constant pressure to that at constant volume (see Table 253). For moderate tem- 
perature changes V,=Vo(1+at) where 4=0.00367. The velocity of sound in tubes increases with 
the diameter up to the free-air value as a limit. The values from ammonia to methane inclusive are 
for closed tubes. 
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Velocity in|Velocity in 


Substance. ‘Temp. C. |meters per| feet per 


Authority. 


second. second. 
Liquids: Alcohol, 95% . A || aeeynee 4072. Dorsing, 1908. 
A ‘ j 20.5 TeTe). 3980. a! 
Ammonia, conc. 16. 1663. 5456. “ 
Benzol . : : fe 1166. 3826. ae 
Carbon bisulphide . re 1161. 3809. “4 
Chloroform . , 15. 983. 3225. 2 
Ether A ; 15. 1032. 3386. 
NaCl, 10% sol. tS: 1470. 4823. iY 
eee U5 900 ane LS. 1530. 5020. “ 
Pure gg * oe 1650. 5414. a 
Turpentine oil. ie 1326. 4351. a 
| Water, air-free La “I441. 4728. ce 
| peer we 1g. | 1461. 4794. . 
" Son ok ; 35: 1505. 4938. - 
| “Lake Geneva 9. 1435: 4708. Colladon-Sturm. 
© .aeine river . ES, 1437. 4714. Wertheim. 
“ «6 se 30. 1528. 5013. “a 
ib iL 60. 1724. 5057. ‘ 
Explosive waves in water: 
Guncotton, 9 ounces 1732. 5680. Threlfall, Adair, 
on 10) ee 1775 5820. 1889, see Bar- 
4 rote < 1942. 6372. ton’s Sound, p. 
bi ” aa ‘ 2013. 6600. 518. 
Gases: Air, dry, CO.-free Oo. 331.78 1088.5 | Rowland. 
. ie oe Oo. 331.36 1087.1 | Violle, 1900. 
/ « “« CO,-free 0. 331.92 1089.0 | Thiesen, 1908, 
| “ _t atmosphere . oO. 331.7 1088. Mean. 
H ie 2h ses . Oo. 332.0 1089. “ (Witkowski). 
j oe 50 “ , Oo. 334.7 1098. a“ “ 
“100 shee O. 350.6 IISO. 2 ‘ 
as 20. 344. 1129. 
. 100. 386. 1266. Stevens. 
| . 500. Ee. 1814. * 
- : : - 1000 700. 2297. . 
{| Explosive waves in air: 
| harge of pewaey, Sere 336. oh gat Violle, Cong. In- 
3.80 500. 1640, 
“6 “ “ “ tern. Phys. I, 
17.40 931. 3060. 243, 1900 
be rs fewer (Ps ° Wie 1268. 4160. Tice i 
Ammonia . ‘ : °O. 415. 1361. Masson. 
’ Carbon monoxide 0. 337.1 1106. Wullner. 
ala O. 337-4 1107. Dulong. 
“ dioxide. Oo. 258.0 846. Brockendahl, 1906. 
“disulphide . 0. 189. 620. Masson. 
| Chlorine . * 0. 206.4 677. Martini. 
roa J : : Oo. 205-3 674. Strecker. 
Ethylene ; ; 0, 314. 1030. Dulong. 
Hydrogen . ~ 4 0. 1269.5 4165. fe 
iey ; i ; Oo. 1286.4 4221. Zoch. 
' (lluminating gas 0. 490.4 1609 . . 
| Methane. a 0. 432. 1417. Masson. 
Nitric oxide . 6. 325. 1066. sf 
| Nitrous oxide .. 0. 261.8 859. Dulong. 
} Oxygen. 3 f 0. 317.2 1041. os 
BVapors: Alcohol . . Oo. 230.6 756. Masson, ' 
Ether . ‘ ; 0. 179.2 588. =; 
| Water . : 0. 401. 1315. ss 
| * i : 1328. Treitz, 1903. 
\ a 1392. s 
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148 TaB_es 130-131. 
MUSICAL SCALES. 


The pitch relations between two notes may be expressed precisely (1) by the ratio of their vibra- 
tion frequencies; (2) by the number of equally-tempered semitones between them (E. S.); also, less 
conveniently, (3) by the common logarithm of the ratio in (1); (4) by the lengths of the two portions 
of the tense string which will furnish the notes; and (5) in terms of the octave as unity. The ratio 
in (4) is the reciprocal of that in (1); the number for (5) is 1/12 of that for (2); the number for 
(2) is nearly 40 times that for (3). 

Table 130 gives data for the middle octave, including vibration frequencies for three standards of 
pitch; As=435 double vibrations per second, is the international standard and was adopted by the 
American Piano Manufacturers’ Association, The “‘ just-diatonic scale’? of C-major is usually 
deduced, following Chladni, from the ratios of the three perfect major triads reduced to one 

6 


octave, thus: 4 \ 5 : F 
4 Br a | H 4 “ $ 
r A Cc E G i D 
16 20 24.42% Hf 36 45 54 


24 27 30 32 36 4o 45 48 
Other equivalent ratios and their values in E. S. are given in Table 131. By transferring D to the 
left and using the ratio 10: 12: 15 the scale of A-minor is obtained, which agrees with that of C-major 
except that D=26 2/3. Nearly the satne ratios are obtained from a series of harmonics beginning 
with the eighth; also by taking 12 successive perfect or Pythagorean fifths or fourths and reducin 
to one octave. Such calculations are most easily made by adding and subtracting intervals express 
in E, S, The notes needed to furnish a just major scale in other keys may be found by successive 
transpositions by fifths or fourths as shown in Table 131, Disregarding the usually negligible differ- 
ence of o.o2 E. S., the table gives the 24 notes to the octave required in the simplest enharmonic 
organ; the notes fall into pairs that differ by a comma, 0.22 E. S. The line “‘ mean tone” is based 
on Dom Bedos’ rule ar ee the organ (1746). The tables have been checked by the data 
Ellis’ Helmholtz’s ‘‘Sensations of Tone.” 


TABLE 130, 
Interval. Ratios, | Logarithms. Number of double Vibrations per second. 
Tem: Tem- Tem- | Tem- | Tem- 
Just. pered, Just. pered. Just. | Just.) Just. pered- | pered. | pered 
1.00 1.00000 || .0000 | .o0000 || 256 264 | 258.7] 258.7] 261.6] 272-2 
1.05926 .02509 | 274.0| 277.2 73 
1.125 | 1.12246 || .o5115 | .o5017 || 288 297 | 291.0] 290.3] 293-7] 304-3 
1, 18921 .07526 307.6] 3tz.1 | 322.4 |] 
1.25 oe +09691 | .10024 320 330 | 323.4] 325-9| 329.6| 341.6 |! 
1.33 | 1.33484 | -12494| «12543 | 341-3] 352] 344-9 345-3 349-2 | 361.9 || 
1.41421 -1§05t 365. 370-0 | 383.4 
1.50 1.49831 || .17609 | .17560 | 384 396 | 388 387-5 | 392.0| 406.2 
1.58740 20069 410.6] 415.3 | 430.4 
1.67 1.68179 || «22185 | .22577 || 426.7| 440] 431-1 | 435-0| 440.0| 456.0 
1.78180 «25086 460.9 | 446.2] 483.1 
1.875 | 1.88775 || .27300 | .27594 || 480 49 485.0 | 488.3] 493.9] 511.8 
2.00 2.00000 |} .30103 | «30103 || 512 52 517-3] 517-3| 523-2| 542.3 


TABLE 1381, 


2.04 
1.82 


2.04 
2.04 
2.04 


1,82 
1.82 
1.82 


0.90 
0.90 
0.90 ; : R 
0.90 . : : . 10.86 


Harmonic Series| ,. (7,) aha ; ; : ; eds eins 
Cycle of fifths 0 | 1.14 | 2,04 | 3.18 | 4.08 | 5.22-| 6. } .06 | 10,20 | 11.10 
Cycle of fourths 0.90 | 1.80 | 2.94 384 4.98 | 5. ‘ : 82 | 9.96} 10.86 
Mean tone .O |0.76 | 1.93 | 3.11 | 3.86 | 5.03 | 5. .90 | 10.07 | 10.83 
Equal 7 step : L7I | 3.43 5.14 ee 10.29 
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TABLES 132-135. 
MISCELLANEOUS SOUND DATA. 


TABLE 132.— A Fundamental Tone, Its Harmonics (Overtones) and the Nearest 
Tone of the Equal-tempered Scale. 
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3 4 5 
HIPECHEMIGY. Sie c-2 Sais t 1c alesis! sie'e sveiess « 259 388 517 905 | 1035 | 1164 
Nearest tempered note............ (E c G g E G Bp (¢ D 

Corresponding frequency.......... 388 517 652 922 | 1035 | 1164 


. INosofpartial: vo. cess co ccc ee ches 
IRECTIENGO Sa ee St cic enikisieretavnse,« I940 | 2069 | 21909 | 2328 
Ransomes © Gb G G# Bb B Cc CH D 


stew te eeee 


Nore. — Overtones of frequencies not exact multiples of the fundamental are sometimes called inharmonic partials. 


TABLE 133.— Relative Strength of the Partials in Various Musical Instruments. 


, pee values given are for tones of medium loudness. Individual tones vary greatly in quality and, therefore, in 
loudness. 


Strength of partials in per cent of total tone strength. 


Instrument. 


3 4 5 6 7 8 9 Io II 12 


1 | 
ia 
11 


Wee 27 I ° 2 —- — 
Beehia) miaracsisl siecle) 016 35 I4 4 2. 3 4 r ° 
Batatefoatele:s'sie 5 ° 8 18 I5 18 5 6 
“hook. AO OO 4 3 2 I I I r I 
CODE ECD 8 II 6 4 3 2 I I 


TABLE 134. — Characteristics of the Vowels. 


The larynx generates a fundamental tone of a chosen pitch with some 20 partials, usually of low intensity. The 
particular partial, or partials, most nearly in unison with the mouth cavity is greatly strengthened by resonance. Each 
vowel, for a given mouth, is characterized by a particular fixed pitch, or pitches, of resonance corresponding to that 
vowel’s definite form of mouth cavity. These pitches may be judged by whispering the vowels. It is difficult to sing 
vowels true above the corresponding pitches. The greater part of the energy or loudness of a vowel of a chosen pitch 
is in those partials reinforced by resonance. The vowels may be divided into two classes, — the first having one char- 
acteristic resonance region, the second, two. The representative pitches of maximum resonance of a mouth cavity 
for selected vowels in each group are given in the following table. 


Vowel indicated by italics in Pitch of maxi- Vowel indicated by italics in Pitch of maxi- 


the words. mum resonance. the words. mum resonance. 
father, far. UAT Aas ce acca mat, add, CE ee stots eletiocete 800 and 1840 | 
raw, fall, BOM adedtsied pet; feather; bless. iced daa. 691 and 1953 
no, TOME ET POG calc ucie/e crave cis they, bait, MGtCie os Addo tes 488 and 2461 
gloom, move, group........... bee, pique, machzne......... 308 and 3100 | 


TABLE 135.— Miscellaneous Sound Data. 


Koenig’s temperature coefficient for the frequency (m) of forks is nearly the same for all pitches. mn, = 
t(1 — o.coo11t° C), Ann. d. Phys. 9, p. 408, 1880. 

Vibration frequencies for continuous sound sensations are practically the same as for continuous light sensat’on, 
Io or more per second. Helmholtz’ value of 32 per sec. may be taken as the flicker value for the ear. Moving piciures 
use 16 or more per sec. For light the number varies with the intensity. 

Pitch limits of voice: 60 to 1200 vibrations per second. (See alsu page 440.) 

Piano pitch limits: 27.2 to 4138.4 v. per sec. (over 7 octaves). 

Organ pitch limits: 16 (32 ft. pipe), sometimes 8 (64 ft.) to 4138 (1% in.) (9 octaves). 

Ear can detect frequencies of 20,000 to 30,000 v. per sec. Koenig, by means of dust figures, measured sounds from 
steel forks with frequencies up to 90,000. 

The quality of a musical tone depends solely on the number and relative strength of its partials (simple tones) and 
probably not at all on their phases. 

The wave-lengths of sound issuing from a closed pipe of length L are 4L, 41/3, 4L/s, etc., and from an open pipe, 
2L, 2L/2, 2L/3, etc. The end correction for a pipe with a flange is such that the antinode is 0.82 X radius of pipe 
beyond the end; with no flange the correction is 0.57 X radius of pipe. 

The energy of a pure sine wave is proportional to n?A2; the energy per cm? is on the average 29772U2A2/\2; the energy 
passing per sec. through x cm? perpendicular to direction of propagation is 2o7?U3A2/\?; the pressure is }(7y + 1) 
(average energy per cm’); where is the vibration number per sec., \ the wave-length, A the amplitude, V the veloc- 
ity of sound, p the density of the medium, ¥ the specific heat ratio. Altberg (Ann. d. Phys. 11, p. 405, 1903) measured 
sound-wave pressures of the order of 0.24 dynes/cm? = 0.00018 mm Hg. 
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I50 TABLES 136-137. 
TABLE 136. — Aerodynamics. 


KINETICS OF BoDIEs IN RESISTING MEDIUM. 


The differential equation of a body falling in a resisting medium is du/dt= g—ku*®. The ve- 
locity tends asymptotically to a certain terminal velocity, V =./g/k. Integration gives « = 


V- tanh (gt/V), x a log cosh ( gt/V) ifu =x2=t=0. 


When body is projected upwards, du/dt = —g¢ — kv, and if xo is velocity of projection, then 
tan7! #/V = tan7! (%o/V) —gt/V, x =(V?/2g) log (V2 + uo?) (V2 + u?), The particle comes to 
rest when ¢ = (V/g) tan™ (a#0/V) and x = (V?/2g) log (1 — uo?/V?). 

For small velocities the resistance is more nearly proportional to the velocity. 


Stokes’ Law for the rate of fall of a spherical drop of radius a under gravity g gives for the 
velocity, 2, 


2ga" 
v= —_ (0 — 
aa p); 


where o and p are the densities of the drop and the medium, 7, the viscosity of the medium. 
This depends on five assumptions: (1) that the sphere is large compared to the inhomogeneities — 
of the medium; (2) that it falls as in a medium of unlimited extent; (3) that it is smooth and — 
rigid; (4) that there is no slipping of the medium over its surface; (5) that its velocity is so 
small that the resistance is all due to the viscosity of the medium and not to the inertia of the 
latter. Because of 5, the law does not hold unless the radius of the sphere is small compared 
with 7/vp (critical radius). Arnold showed that a must be less than 0.6 this radius. 

If the medium is contained in a circular cylinder of radius R and length Z, Ladenburg showed 
that the following formula is applicable (Ann. d. Phys. 22, 287, 1907, 23, 447, 1908): 


V=2 ga?(o — p) i 
9 n(t + 2.4a/R) (1 + 3.1a/L) 


As the spheres diminish in size the medium behaves as if inhomogeneous because of its molec- 
ular structure, and the velocity becomes a function of //a, where / is the mean free path of the 
molecules. Stokes’ formula should then be modified by the addition of a factor, viz.: 


1 = = (o—p) {1 + (0864 + 0.29125 (0/0) =} 


(See chapter V, Millikan, The Electron, 1917; also Physical Review 15, p. 545, 1920.) 


TABLE 137. — Flow of Gases through Tubes.* 


When the dimensions of a tube are comparable with the mean free path (Z) of the molecules of | 
a gas, Knudsen (Ann. der Phys. 28, 75, 199, 1908) derives the following equation correct to 5% | 
even when D/Z = 0.4: Q, the quantity of gas in terms of PV which flows in a second through a 
tube of diameter D, length 2, connecting two vessels at low pressure, difference of pressure | 
P2— Py, equals (22 —P;)/Ws/p where pis the density of the gas at one bar (1 dyne/cm?) = (mo- | 
lecular weight)/(83.15 X 107°) and JV7; which is of the nature of a resistance, = 2.3941//D® + 
3.184/D2, The following table gives the cm? of air and /at 1 bar which would flow through dif- | 
ferent sized tubes, difference of pressure 1 bar, room temperature. 


7 sems. D = tcm. Ws 5-58 Q, cm’ of air, 5200. cm? of M2, 19700. 
10 I 27.1 1070. 4050. 
I 0.1 2710. 10.7 40.5 
10 0.1 24300. 1.20 3.60 


Knudsen derives the following equation, equivalent to Poiseuille’s at higher, and to the above at 
lower pressures : 

Q = (P2—/)) {aP +6(r+4P)/(1 + coP)} where a@ = 7D4/128n/ (Poiseuille’s constant) ; 4 = 
1/Wx/p, (coefficient of molecular flow) ; ¢, = \/p D/n; and cz = 1.24 \/p D/n; 0 = viscosity coef- | 
ficient. The following are the volumes in cm? at 1 bar, 20°C, that flow through tube, D = 1 cm, | 
Z = 10cm, P,— /; = 1 bar, average pressure of 7 bars: 


P= 108 Q = 13,000,000. P= 5. Q = 1026, P=t. Q = 1044. cm® 
100. 2,227. 4. 1024. 0.1 1065. 
IO. 1,058. 3h 1025. 0.01 1070. 


When the velocity of flow is below a critical value, ¥ (density, viscosity, diameter of tube), the | 
stream lines are parallel to the axis of the tube. Above this critical velocity, Yo, the flow is tur- 
bulent. V7, = kn/pr for small pipes up to about 5 cm diameter, where A is a constant, and 7 the 
tube radius. When these are in cgs units, & is 108 in round numbers. Below FV’ the pressure drop | 
along the tube is proportional to the velocity of gas flow; above it to the square of the velocity. 


} 


* See Dushman, The Production and Measurement of High Vacua, General Elec. Rev. 23, p. 493, 1920. 
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TABLES 138-139. 
AERODYNAMICS. 


ISt 
TABLE 138.— Air Pressures upon Large Square Normal Planes at Different Speeds 


through the Air. 


The resistance F of a body of fixed shape and presentation moving through a fluid may be written 
F = pP’V2f(LV/v) 


in which p denotes the fluid density, v the kinematic viscosity, LZ a linear dimension of the body, V the speed of trans- 
lation. In general f is not constant, even for constant conditions of the fluid, but is practically so for normal impact 
on a plane of fixed size. In the following, p is taken as 1.230 g/l (.0768 lbs./{t3). 

The mean pressure on thin square plates of 1.1 m? (12 ft?), or over, moving normally through air of standard density 
at ordinary transportation speeds may be written P =.0060v" for P in kg per m? and v in km per hour, or P = .003272 
for P in lbs. per ft? and v inmiles per hour. The following values are computed from this formula. For smaller areas 
the correction factors as given in the succeeding table (Table 139) derived from experiments made at the British National 
Physical Laboratory, may be applied. 

Units: the first of each group of three columns gives the velocity; the second, the corresponding pressure in kg/m? 
when the first column is taken as km per hour; the third in pds/ft? when in miles per hour. 


Pressure. Pressure. Pressure. Pressure. 
Veloc- Veloc- Veloc- 
ity. ity. ity. 
Metric. | English. Metric. | English. Metric. | English. Metric. | English. 


ine 
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TABLE 139. — Correction Factor for Small Square Normal Planes. 


Be a of Table 138 are to be multiplied by the following factors when the area of the surface is less than about 
I m? (12 ft?). 


Metric. 


Saw SS ee 


j Area. m? Factor. 


03 
Io 
5° 
75 
fore) 
(ole) 
00 
fore) 


oO. 
°. 
°. 
°. 
= 
2. 
Bk 
ZB 


oo0o000000 
oo0000000 
boepnooo9 
oo0000000 
H#OoO0O00000 
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TABLES 140-142. 
AERODYNAMICS. 


TABLE 140.— Effect of Aspect Ratio upon Normal Plane Pressure (Eiffel). 


152 


The mean pressure on a rectangular plane varies with the “aspect ratio,” a name introduced 
by Langley to denote the ratio of the length of the leading edge to the chord length. The effect 
of aspect ratio on normally moving rectangular plates is given in the following table, derived 
from Eiffel’s experiments. 


Aspect ratio I.00|I.5 |3.00|/6.00]10.000]14.60}20.00]30.00/41 . 500/50.00 
Pressure on rectangle 


Pressure on square Sen hg I.OO|/1T.O4/1.07/1. 10] 1.145] 1.25] 1.34] 1.40} 1.435] 1.47 


TABLE 141.— Ratio of Pressures on Inclined and Normal Planes. 


The pressure on a slightly inclined plane is proportional to the angle of incidence a, and 
is given by the formula Pa = c-Pg0:a. The value of c, which is constant for incidences up to about 
12°, is given for various aspect ratios. The angle of incidence is taken in degrees. 


Aspect ratio 3 4 5 6 7 8 9 Io 
Value of ¢ ©.036/0.043/0.050/0.053/0.057|0.061/0.065|0.070/0.075|0. 080 


TABLE 142.— Skin Friction. 


The skin friction on an even rectangular plate moving edgewise through ordinary air is given 
by Zahm’s equation, 
F(kg/m?) = 0.00030{ A (m?) }°-%3{ V(km/hr.) }15 in metric units 
or F (pds./ft.2) = 0.0000082 {A (ft.2) }{ V(ft./sec.) } 1:55, 


where A is the surface area and V the speed of the plane. The following table gives the friction 
per unit area on one side of a plate. 


Skin friction. Skin friction. 
Kg per sq. m. Speed. Lbs. per sq. ft. 
Plane. ane. 


miles/hr. ft./sec. 5 , 32 ft. long. 


.00026 
. 00095 
.00202 


-00345 
.00530 


.0074 
-O125 
.O192 
.0268 
-0357 
0461 
0572 
069 

083 

096 
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? ' ‘ TABLES 143-145. 15 
; AERODYNAMICS. 3 
The following tables, based on Eiffel, show the variation of the resistance coefficient K, with 


the angle of impact 7, the aspect (ratio of leading edge to chord length), shape and velocity V 
in the formula 
R(kg/m?) = KS(m?*){V(m/sec.)}? 
The value of K for km/hour would be o.77 times greater. 
TABLE 143.— Variation of Air Resistance with Aspect and Angle. 


Values of 7. Max. ratio. 


Size of plane. Aspect. 30° | 4o° | 45° 
Values of Ki /Koo. 


E5)xOO\CM..... 
Tex 45 em... .-. 
25k 25 6M... .. 
BO RS CM. , . 2. 
Alix 15 (EM. 2) .--. 
Goats CM... . 
GOs TO CM...) 


0 DW WP H oHalH 


TABLE 144.— Variation of Air Resistance with Shape and Size. 


Cylinder, base | to wind: Leneth. .ocm: “iR*) 2k* AaR* 6R* sk* a,k* 
Diameter of base, 30 cm K= .0675° .068 .055 .o50 — — — 
Diameter of base, 15 cm Ki = 000)" (006) 055" .05% -O5% <O555 059 
Cylinder, base || to wind: diameter base, 15 cm, length, 60 cm K = .o4o 
Cylinder, base || to wind: diameter base, 3 cm, length, too cm K = .o60 
Cone, angle 60° , diam. base, 40 cm, point to wind, solid K = .032 
Cone, angle 30°, , diam, base, 40 cm, point to wind, solid K = .021 
Sphere, 25 cm diam.’ K= .o11 
Hemisphere, same diam., convex to wind hk oor 
Hemisphere, same diam., concave to wind KG—". 083 
Sphero-conic body, diam., 20 cm, cone 20° , point forward K =, .0L0 
Sphero-conic body, diam., 20 cm, cone 20°, point to rear K = 10055 
Cylinder, 120 cm long, spherical ends to wind K = 7012 


The wind velocity for the values of this table was 10 m/sec. 
Tables 143 and 144 were taken from ‘‘The Resistance of the Air and Aviation,” Eiffel, trans- 
lated by Hunsaker, 1913. 


_ *Tn the case of these cylinders the percentages due to skin friction are 2, 3, 6, 8, 11 and 16 
per cent respectively, excluding the disk. 


TABLE 145. — Variation of Air Resistance with Shape, Size and Speed. 


This table shows the peculiar drop.in air resistance for speeds greater than 4 to 12 meters per 
second. Another change occurs when the velocity approaches that of sound. 


Values of K. 
Shape. oo 
| Speed, m/sec.| 4 


mphere, 16.2 cm diameter... . 2.0081 e: 033}. 
Sphere, 24.4 :cm diameter..........00.05 025]. 
MBHEES, 33° CMClAMICLer . 6.) 2: ee ess ee oo .023]. 
Concave cup, 25 cm diameter..........- .09o}. 
(onvex.cup, 25 cm.diameter...........50+. « .027). 
MISkoeeGiciy GIAIMCLEL 5... 2 = <5 sien So wos sey le 
Cylinder cm 
element | to wind, d = 15 cm,/ = 15.0].043}. 
element | to wind, o}.045]. 
element L to wind, .5|.035]. 
element L to wind, .0|.038]. 
element _L to wind, 5|.042]. 
0}. 060}. 
0} .024]. 


element || to wind, 
Spherical ends, 


Taken from ‘‘Nouvelles Recherches sur la résistance de ]’air et ]’aviation,” Eiffel, 1914. 
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154 TaBLes 146-148. 
TABLE 146, —Priction. 


The required force F necessary to just move an object along a horizontal plane —=/W where WN is the normal pressure 
on the plane and / the ‘‘ coefficient of friction.” The angle of repose ® (tan ® = F/N) 1s the angle at which the 
plane must be tilted before the object will move from its own weight. The following table of coefficients was com- 
piled by Rankine from the results of General Morin and other authorities and is sufficient for ordinary purposes. 


Material. 


Wood on wood, dry 
“ “ “ soapy 
Metals on oak, dry 
sé “cr “ wet 
“cc 6c 6“ soapy a 
ay “ elm, dry : .20-. f : 1I.5-14.0 
Hemp on oak, dry : : 8 28.0 
Sins th ak GE , : F 18.5 
Leather on oak. : ; ‘ 15.0-19.5 
“ “ metals, dry . .56 ; 29.5 
. ) Welte . 20.0 
“greasy 
“s oily 
Metals on metals, dry . 
“ “ “a wet A 
Smooth surfaces, occasionally greased . 
“continually greased . 
% a best results 
Steel on agate, dry* . : 
CO raed, : 
Tron on stone : : A 30-- 70 
Wood onstone . . | About .40 : 
Masonry and brick work, dry : : . : : oa. o-35: ° 
: «damp mortar - : p 36.5 
on dry clay . é - : - : : 27.0 
““ moist clay . : . : : ; 18.25 
Earth on eanthye 7- : : : c : ; : : : 14.0—4 5.0 
“dry sand, clay, and mixed earth .38-. 4 . 21.0-37.0 
a “damp clay . c : : . i 45-0 


wet clay 5 : 3a) 3-23 17.0 
shingle and gravel ‘ : : 1.23-0.9 39.0-48.0 


* Quoted from a paper by Jenkin and Ewing, ‘‘ Phil. Trans. R. S.” vol. 167. In this paper it is shown that in 
cases where “static friction” exceeds “ kinetic friction ’’ there is a gradual increase of the coefficient of friction as the 
speed is reduced towards zero. 


TABLE 147.— Lubricants. 


The best lubricants are in general the following: Low temperatures, light mineral lubricating 
oils. Very great pressures, slow speeds, graphite, soapstone and other solid lubricants. Heavy 
pressures, slow speeds, ditto and lard, tallow and other greases. Heavy pressures and high speeds, 
sperm oil, castor oil, heavy mineral oils. Light pressures, high cneede sperm, refined petroleum 
olive, rape, cottonseed. Ordinary machinery, lard oil, tallow oil, heavy mineral oils and the 
heavier vegetable oils. Steam cylinders, heavy mineral oils, lard, tallow. Watches and delicate 
mechanisms, clarified sperm, neat’s-foot, porpoise, olive and light mineral lubricating oils. 


TABLE 148, — Lubricants For Cutting Tools. 


Material. Turning. Chucking. Drilling. Magne Reaming. 


Tool Steel, dry or oil oil or s. w. oil oil lard oil 
Soft Steel, dry or soda water soda water oil or s. w.| oil lard oil 


Wrought iron dry or soda water soda water oil or s. w. | oil lard oil 
Cast iron, brass dry dry dry dry 
Copper y dry dry dry | mixture 
Glass turpentine or kerosene 


Mixture = 44 crude petroleum, 2g lard oil. Oil = sperm or lard. 
Tables 147 and 148 quoted from ‘Friction and Lost Work in Machinery and Mill Work,’’ Thurston, Wiley and Sons. 
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155 
VISCOSITY. : 
TABLE 149. — Viscosity of Fluids and Solids. 


’ The coefficient of viscosity of a substance is the tangential force required to move a unit area of a plane surface 


“with unit sj ‘ed relative to another parallel plane surface from which it is separated by a layer a unit thick of the sub- 


stance. Viscosity measures the temporary rigidity it gives to the substance. The viscosity of fluids is generally meas- 
ured by the rate of flow of the fluid through a capillary tube the length of which is great in comparison with its diameter. 
The equation generally used is 


4: 
ut, the viscosity, = ees fC ( eet my: 


12800 + A) 8 


where ‘y is the density (g/cm), d and / are the diameter and length in cm of the tube, 0 the volume in cm discharged 
in / sec., A the Couette correction which corrects the measured to the effective length of the tube, # the average head 
in cm, m the coefficient of kinetic energy correction, mz?/g, necessary for the loss of energy due to turbulent in distinc- 
tion from viscous flow, g being the acceleration of gravity (cm/sec/sec), v the mean velocity incm per sec. (See Tech- 
nologic Paper of the Bureau of Standards, roo and r12, Herschel, 1917-1918, for discussion of this correction and X.) 

The fluidity is the reciprocal of the absolute viscosity. The kinetic viscosity is the absolute viscosity divided by 
the density. Specific viscosity is the viscosity relative to that of some standard substance, generally water, at some 
definite temperature. The dimensions of viscosity are ML4T—. It is generally expressed in cgs units as dyne-seconds 
per cm? or poises. 

The viscosity of solids may be measured in relative terms by the damping of the oscillations of suspended wires 
(see Table 78). Ladenburg (1906) gives the viscosity of Venice turpentine at 18.3° as 1300 poises; Trouton and 
Andrews (1904) of pitch at 0°, 51 X 10%, at 15°, 1.3 X 10! of shoemakers’ wax at 8°, 4.7 X 105; of soda glass at 575°, 
Im X 102; Deeley (1908) of glacier ice as 12 X 1018, 


TABLE 150.— Viscosity of Water in Centipoises. Temperature Variation. 
Bingham and Jackson, Bulletin Bureau of Standards, 14, 75, 1917. 


ik °. 
° °. 
° °. 
° oO. 
° oO. 


Ooran FWHHO 


oo00o000 
99900 
oo0o0°0 


* de Haas, 1894. Undercooled water: —2.10°, 1.33 cp; _—4.70°, 2.12 cp; —6.20°, 2.25 cp} —8.48°, 2.46 cp; 
—9.30°, 2.55 cp; White, Twining, J. Amer. Ch. Soc., 50, 380, 19013. 


TABLE 151.— Viscosity of Alcohol-water Mixtures in Centipoises. Temperature Variation. 


Percentage by weight of ethyl alcohol. 


Same authority as preceding table. 
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TABLES 152-154. 
VISCOSITY. 


TABLE 152.— Viscosity and Density of Sucrose in Aqueous Solution. 


See Scientific Paper 298, Bingham and Jackson, Bureau of Standards, 1917, and Technologic 
Paper 100, Herschel, Bureau of Standards, 1917. 
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Viscosity in centipoises. Density da. 


Per cent sucrose by weight. Per cent sucrose by weizht. 


! Ioo X 
Den- ‘ee “| Ki % Den- Kine- 
sity. I : i Glyc- sity. ° matic 


g/cm’ — erol. | g/cm? cee iscos-|} erol. | g/cm’ ; viscos- 
poises. : ity 


% 
| Glycerol. 


.0098] 1.181 {I. ; é ; : : I2.44 
.O217} 1.364 |I. : ; ; ; : 18.22 
.0337| 1.580 |r. : 3 ; F : 28.25 
.0461| 1.846 |r. : : , : 3 45.86 


-0590} 2.176 |2. : : : .2201/102.5 84.01 
.0720} 2.585 |2. P5235 Gate. .2335|207.6 | 168.3 


The kinematic viscosity is the ordinary viscosity in cgs units (poises) divided by the density. 


TABLE 154.— Viscosity and Density of Castor Oil (Temperature Variation). 


Se, | eal SB 5. |2¢1 5 - feel Ss - |ag| 3s 

Sy | Bo) 2s B55 | 22] 83 oS | 22 23 BS | 24) 28 

A” [5.8 |g a > | as AM IS ls AY |Fsa] a> 
5 |-9707137-6/38-.7]| 14 }|.9645]16.61/17. 221] 23 |.958317.67/8.00]] 32 |.9520|3.94]4.14 
6 |.9700]34-5/35-5|| 15 |-9633]t5.14]15.71]| 24 |.9576|7-06]7-37|| 33 |-9513|3-65|/3-84 
7 |.9693}31-6132-6]| 16 |.9631|/13.80]14.33]| 25 |.9569|6.51/6.80]] 34 |.9506/3.40/3.58 
8 |.9686]28.9}29.&§|] 17 }.9624]12.65/13.14]] 26 |.9562)6.04/6.32|| 35 |.9499/3-16/3.33 
9 |.9679}26.4/27.3]| 18 |.9617/11.62}12.09]| 27 |.9555|/5.61|5-87]| 36 |.9492/2.9413.10 
IO |.9672|24.2/25.0]| 19 |.9610]/10. 71]/11.15]| 28 |.9548]5.21/5.46]| 37 |.9485/2.74/2.89 
II |.9665}22.1/22.8]| 20 |.9603} 9.86/10. 27]} 29 |.9541]4.85|5.08]| 38 |.9478)2.58]2.72 
12 |.9659|20.1|20.8]| 21 |.9596| 9.06} 9.44|| 30 |.953414.5114-73]| 39 |-9471|2.44|2.58 
13 |.9652{18.2|18.9]} 22 |.9589} 8.34} 8.7o0]] 31 |.9527/4.2114.42]] 40 |.9464]2.31 2.44 | 


ee ae | 


Tables 153 and 154, taken from Technologic Paper rr2, Bureau of Standards, r918. Glycerol 
data due to Archbutt, Deeley and Gerlach; Castor Oil to KahIbaum and Raber. See preceding 
table for definition of kinematic viscosity. Archbutt and Deeley give for the density and viscosity 
of castor oil at 65.6° C, 0.9284 and 0.605, respectively; at 100° C, 0.9050 and 0.169. 
SMITHSONIAN TABLES. 


ee ee 


ee ee ee a 


balilace: scace ste soe 56 
Glycerine Banta ccncteiea a3 


ef 80.31% H20.. 

ae 64.05% H20.. 

a 49-79% H20.. 
Hydrogen, liquid....... 
Menthol, solid......... 

« Wales i a Asin 
Oils: 

Dogfish-liver .923 tf... 
se ST OTS. =. 
os SOD kQOShi a ere 

Linseed 5OA33, See IeS 


QQM eis =v are 
“ 


Mo cWRsle omegoe 
* Spindle oil SBOS an 


“ “ec 


* “ Solar red” engine. . 
oe “ “ce 


“ “ “ 
* “ Bayonne”’ engine.. 
“ “ce 


* “ec “a 


“ “ ae 
=" Galena ” axle oil .. 
* Heavy machinery. 
* Filtered cylinder. ce 


* Dark cylinder... 


* “ Queen’s red”’ engine 
““ “ce “e 


‘ °. 
; O°. 
°. 
: °. 
. °. 
: °. 
5 O. 
365. °. 
22). 4. 
2.8 | 42. 
14.3 | 13. 
20.3 8. 
26.5 4. 
8.5 Pr. 

8.5 0.222 
8.5 0.092 
_ ©.OO00II 
14.9 | 2 X rol? 
34.9 0.069 
—20. 0.0184 

oO. 0.01661 
20. 0.01547 
34. 0.01476 
98. 0.01263 
193. 0.01079 
209. 0.00975 
30. 0.414 
50. ©. 211 
90. 0.080 
30. 0.331 
50. 0.176 
go. 0.071 
15.6 0.453 
37.8 0.162 
100.0 0.033 
15.6 1.138 
37.8 0.342 
100.0 0.049 
15.6 1.915 
37.8 ©. 496 
I00.0 0.058 
15.6 2.172 
37.8 0.572 
100.0 0.063 
15.6 2.005 
37.8 0.711 
100.0 0.070 
15.6 4.366 
37.8 ©.909 
15.6 6.606 
37.8 1.274 
37-8 2.406 
100.0 0.187 
8 7 is 
.0 °. 


TABLE 155. 
VISCOSITY OF LIQUIDS. 


Viscosities are given in cgs units, dyne-seconds per cm?, or poises. 


MPRA ES ete ts ditioncsetes.s 15 

Se R aerattar ds he arerapstetee 37 

Ge a oct eee 100 

£0 e a(another)ic sno... = 15 

SY (anothen)'s0c5.2 100 

Soya bean .orgo f*...... 30 

ss SSI & MOSH sy 3. <0 50 

= Ce ROGOM aires ee go 

Sess GLIINS ret haw axcteye ncrarrete 15 

a A Angler tonne 37 

SE MPA Sa PUN cattle 100 

Paraffins: 

Pentan ese 4oi') 05.6 6c ss 21 
RECA Greets. ye a cee 23 
Heptaness.0e ose sfc 24 
Octane ie 38 Picci. « 22 
INonanes seer a. aoc seer: 22 
GRAN Ge de cinta avs <iatscs «nhs 22 
Wntlecane* Mct aces tee 22 
Dodecane?:.. (2 ...22.¢ 23 
MKMeCane:: iui oe soa aes 23 
Wetradecane.....6:..0..° 21 
Pentadecane........... 22 
Hexadecane.........3.. 22 
Phenol. a5 sk kot nceress 18 
Us Pe Ae et eS go 
Sulphur’s overs cde vise ce 170 
Eh Si arasatestarstarctarsawicios 180. 
2 te, ene ae 187. 

Sep. UB eee: ieee 200 

eee | Sa ets ae Ob aoa beh 250. 

SB Soo tke Dedaccinw os 2 300. 

Se | Kiev ee a cee are 340. 
oY) Bop eeeias noneaoe 380. 

Cee vaitcava nied saps ected 420. 

BS Ba Ee on Mere 448. 
foolialllowa er wtratereieta cetrsiane 66. 
Sei wObrareeetetate.aiehae bs aves 100 
ABIG ainic aco eae sictelo et sits 280 
sYetis 6.5) ajshrejatel shavers wiatens ane 

Sains pine ttle desea 389. 


mie: 


 OBSKROOHKHIHHHOVO 


Viscosity. 


9090000H00400000HMOD00HON 


9009909099900000 


176 Io 
085 Io 
406 9 
206 9 
078 9 
420 Io 
185 Io 
046 Io 
0026 I2 
0033 I2 
0045 I2 
0053 12 
0062 I2 
0077 I2 
0095 12 
0126 I2 
O155 12 
0213 12 
o28r 12 
0359 | 12 
1274 | 13 
0126 13 
° 14 
me) 14 
Ae) 14 
ae) 14 
ie) 14 
° 14 
2 I4 
5 14 
13 14 
80 14 
176 Io 
078 Io 
0168 4 
O42 4 
O13I 4 


nN 
o90900nN OF 


97 


ence. 


* American mineral oils; based on water as .o1028 at 20°C. ft Based on water as per rst footnote. + Densities. 


References: (1) Thorpe and Rodger, 1894-7; 


(2) Verschaffelt, Sc. Ab. 10917; 


(3) Wijkander, 18709; 


(4) Pliiss. 


Z. An. Ch. 93, t915; (5) Metz, C. R. 19003; (6) Schéttner, Wien. Ber. 77, 1878, 79, 1870; (7) Heydweiller, W. Ann. 


63, 1897; (8) Koch, W. Ann. 14, 1881; (9) White, Bul. Bur. Fish. 32, 1912; 


(ro) Archbutt-Deeley, Lubrication and 


Lubricants, 1912; (11) Higgins, Nat. Phys. Lab. 11, 1914; (12) Bartolli, Stracciati, 1885-6; (13) Scarpa, 1903-4; 
(14) Rotinganz, Z. Ph. Ch, 62, 1908. ; 


Ratio of Viscosity at High to that at Atmospheric Pressure. 


Pressure 
tons/in2? Kg/cm 2 
I 157-5 
2 315. 
4 630. 
6 045. 
8 1260. 
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Bayonne oil FFF cylinder 


(mineral) (mineral) 
13 1.4 
2.0 2.0 
4.0 4.5 
78 8.9 
10.1 — 


Trotter Rape castor 
(animal) (vegetable) 
1.2 1.1 1.2 
1.6 1.4 1.6 
2.4 2.3 2.7 
3-5 3-5 4.2 
5.0 - 5.8 


Hyde, Pr. Roy. Soc. 97A, 240, 1920. 


I 58 TABLE 156. 
VISCOSITY OF LIQUIDS. 


Compiled from Landolt and Bérnstein, 1912. Based principally on work of Thorpe and 
Rogers, 1894-97. Viscosity given in centipoises. One centipoise = 0.01 dyne-second per cm?. 


Viscosity in centipoises. 
Liquid. 
Formula. 


solid }2.247|1. F : : -549 
solid | solid |r. 222|r. : i , 465 


Propionic 

Butyric 

i-Butyric 
Alcohols: Methyl 


I.521]1. 289/21. 102I\o. : : : -459 
2.286/1.851/1.540|1. ; : ; aie 
1.887/1.568)/1. 318)1. é ; : . 501 
0.8170. 690]0. 596)o. 

I.772|1.466]1. 200]1. 

2.145|1.705|1. 3631. 

3.883]2.918]2. 2561. 

4.565|3.246|2.370]1. 

5.186/3.873}2.948]2. 
8 
II 
8 
° 
° 
° 
I 
° 


i-Butyric 

Amyl, op. act 

Amyl, op. inact 
Aromatics: Benzene 

Toluene 

Ethylbenzole 


.038]5 . 548/3.907]2. 
.129]7.425]/5 09213. 
- 532|6.000]/4. 34213. 
.906]0. 763/0. 654]0. 
.77210.671]0. 590)0. 
.877|0. 761|0. 66g]0. 

Orthoxylene .105]0.937|/0. 810)o. 

Metaxylene .806]0. 702/0. 620]0. 

Paraxylene solid |o. 738]o.648]o. 
Bromides: Ethyl 48710.441|0. 4o2]0. 
6510. 582]0. 524/0. -433]0. 397]. 
611]0. 545|0. 48g)0. -403]0. 368 
626]0. 560]0. 504/0. -419|0. 384]. 
-438]2.039]1. 7211. . 286]1. 131}. 
.267|1. 120/I.005]0. . 830]0. 761 
442]0. 396)0. 3590)0. : 200) taea 
-413]0. 372/0. 3370. 1202] 
132]0. 966)o. 83&)o. .652/0. 584]. 
706|0. 633/0. 5712/0. -47410.435 
3511/1. 138]0.975]0. .746]0. 662]. 
294)0. 268]0. 245|0. = an 
31410. 285|0)., 200|0. 237) (—— a 
402/0. 360)/0. 324/0. 2904/0. 268)0. 245 
544/0. 4790/0. 425]0. 38110. 344/0. 311 
43E]O. 391]. 355]0- 325} — | — 
5IOJ]O. 45410. 408]0. 369]0. 3360. 308 
48410. 4310. 388/0. 35 2/0. 3200. 293 
582]0. 512]0.455|0. 407|0. 367|0. 333]. 
.606]0. 548]o. 500]0. 460j0.424) — 
.727|0.65410. 592]0. 540]0. 495]0. 456]. 
.944]0.833]0. 744/0. 6609/0. 607]0. 552). 
.936]0. 826/0. 734/0. 660/0. 597/09. 544]. 
. 2809/0. 26210. 2400. 220] — | — 
1284|0...256|0%5 234 ie 
- 4010. 360]0. 3260. 2960. 271]0. 248 
- 3760/0. 338]0. 306/0. 279]0. 254/0. 233 
.524/0.465/0. 416]0. 375/0. 341/O. 310}. 
.481]0. 428]0. 384/0. 347/0. 315]0. 288}. 
.706|0. 616]0. 542]0. 483/0. 433/0. 391]. 
-438]0. 405/0. 376/0. 352/0. 330) — 
.563]0. 50110. 450/0. 4070. 3609/0. 338}. 
.248|1. 783|1.487]/1.272/1.071/0. 926). 


Ethers: Diethyl 
Methyl-propyl 
Ethyl-propyl 
Dipropyl 

Esters: Methylformate... 
Ethylformate 
Methylacetate 
Ethylacetate 

Iodides: Methyl 


Paraffines: Pentane 
i-Pentane 


Sulphides: Carbon di-.... 
Ethyl 
Turpentine ft 


NOODDD0DDDDDOKODKDDAODGOKODKDDOHOHOOHNOODOD 


* Bureau of Standards, see special table. f Glaser. 
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i te 


Oe 


peratures in the case of each solution. 


Percentage 
by weight 
of salt in 
solution. 


7.60 
15-40 
24-34 


2.98 
5:24 


1s.17 
31.60 
39-75 
44.09 


17-55 
30.10 


40.13 


11.09 
16.30 
24.79 


7.81 


1571 
22.30 


7-14 
14.66 
22.01 


7:97 
14.86 
22.27 


8.28 
15-96 
24-53 


7-24 
14.16 
21.17 


12.01 


21.35 
oes 


18.99 


26.68 
46.71 


6.79 
12.57 
17.49 


8.14 
16.12 


23-04 


0.23 
355 
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Density. 


TABLE 157. 


VISCOSITY OF SOLUTIONS. 


159 


This table is intended to show the effect of change of concentration and change of temperature on the viscosity of 
solutions of salts in water. The specific viscusity X roo is given for two or more deusities and fur several tem- 


p stands for specific viscosity, and ¢ for temperature Centigrade. 


_ 


Authority. 


Sprung. 


“ce 


Wagner. 


Sprung. 


160 TABLE 157 (continued). 
VISCOSITY OF SOLUTIONS. 


Percentage 
Salt. a mmigt Density. B z Be z B 
solution. 
HNOgz 8.37 1.067 | 66.4| 15 || 54.5] 2 45-4 
¥ 12.20 1.196: 1) 65.5) @ | 57-9) Sel) eg 
a 28.31 PFS 80.3) | se O5-5)|| <5 4-6 
H2S04 7.87 1.065 | 77-8] 15 || 61.0] 25 || 50.0 
a 15.50 T.030) Ne OSeE len 715.0) 60.5 
‘ 23-43 £200) t2ee7\ OVAL | ba ae 77. 


10.23 
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TABLE 157 (continued). 161 
VISCOSITY OF SOLUTIONS. 


Percentage 
by weight 
of salt in 
solution. 


Density. 


18.31 1.148 
29.60 1.323 
49.31 1.500 


11.45 -147 
18.80 1.251 
22.08 | 1.306 


7:95 E 
14.31 z 
23-22 - 


ee ae Se a ee SS Se 
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162 TaBLe 157 (continued). 
VISCOSITY OF SOLUTIONS. 


Percentage 


by weight : , 
of salt in | Density. Authority. 
solution. 


(NH,4)e2CrO4 10.52 ; ; : ; Slotte. 
- 19.75 : : “ 
4 28.04 


(NH4)2CreO7 6.85 
= 13.00 

é 19.93 
NiCle 11.45 
Ss 22.69 

“ce 30.40 
Ni(NOs)e 16.49 
. 30.01 

46. 40.95 


NiSO4 10.62 


18.19 
x 25:35 


Pb(NOs)2 17.93 
i B2.22 


Sr(NOs)e 10.29 
21.19 
32.61 


ZnClg 15.33 
_ 23-49 
7 33-78 


Zn(NOs)2 15.95 
a 30.23 
66 44.50 


ZnSO4 le 
= 16.64 


“ 23.09 
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‘ TasBLe 158. 163 
SPECIFIC VISCOSITY.* 


Normal solution. % normal, 4 normal. ¢ normal. 


Dissolved salt. 


Authority. 


Specific 
viscosity. 
Specific 
viscosity. 
viscosity. 
Specific 
viscosity 


Acids ; cet - +| 1.0562 | 1.012 


1.0143 1.0074 | 0.999 | Reyher. 
Cl. . «| 1.0177 | 1.067 1.0045 | 1.017 | 1.0025 | 1.009 “ 
HClOg . «| 1.0485 | 1.052 1.0126 | 1.014 | 1.0064 | 1.006 vi 


HNOs . .| 1.0332 | 1.02 


1.0086 | 1.005 
H2SO4 - «| 1.0303 | 1.090 


1.0074 | 1.022 


Aluminium sulphate | 1.0550 | 1.406 

Barium chloride . . | 1.0884 | 1.123 
“nitrate - 

Calcium chloride. | 1.0446 | 1.156 
Sy) MIErALe® «. |.) 1.0506 | 1.117 


1.0138 | 1.082 
1.0226 | 1.026 
1.0259 | 1.021 
1.0105 | 1.036 
I.O15§1 | 1.022 


Cadmium chloride . | 1.0779 | 1.134 1.0197 | 1.031 
a nitrate .| 1.0954 | 1.16 1.0249 | 1.038 

“ sulphate . | 1.0973 } 1.34 1.0244 | 1.078 
Cobalt chloride . .| 1.0571 | 1.204 1.0144 | 1.048 
“ initrate | =). 1.0728 || 1-166 1.0184 | 1.032 
sulphate . .| 1.0750 | 1.354 1.0193 | 1.077 


1.0158 | 1.047 
1.0185 | 1.040 
1.0205 | 1.080 
1.0351 | 1.017 
1.0062 | 1.031 
I.OII5 | 1.065 


Copper chloride. .| 1.0624] 1 

Seep mltrate) =) 21) 1.0755 | 1 
“ sulphate’. | 1.0790 | 1.358 

I 

I 

I 


ee eS ee ee ee 


eadinitrate = = «|| 1.1380 
Lithium chloride. | 1.0243 
“sulphate. | 1.0453 


: Magnesium chloride | 1.1375 | 1.201 I.00QI | 1.044 
“s nitrate .| 1.0512 | 1.171 1.0130 | 1.040 
7 as sulphate | 1.0584 | 1.367 1.01 §2 | 1.078 
; Manganese chloride | 1.0513 | 1.209 1.0125 | 1.048 
| “ nitrate .| 1.0690 | 1.183 1.0174 | 1.043 

ss sulphate | 1.0728 | 1.364 1.0179 | 1.076 


1.0144 | 1.044 
1.0192 | 1.042 
1.0198 | 1.075 
1.0117 | 0.990 
1.0241 | 1.022 
1.0161 | 0.987 
1.0170 | 1.021 


Nickel chloride . .| 1.0591 | 1.205 
| wevmitrate. = << | 1.0755, |: 1.180 


; “- ,sulpnate . || 1.0773)|- 1.361 
} Potassium chloride . | 1.0466 | 0.987 

% chromate | 1.0935 | 1.113 
oY nitrate .| 1.0605 | 0.975 
; i sulphate | 1.0664 | 1.105 


1.0059 | 0.993 x 
1.0121 | 1.012 s 
1.0075 | 0.992 s 
1.0084 | 1.008 ck 


Sodium chloride. .| 1.0401 | 1.097 
“bromide. .| 1.0786 | 1.064 
“chlorate ./| 1.0710] 1.090 
<< nitrate! .” .)) 1.0554 | 1.005 

Silver nitrate. . . | 1.1386 1.058 


1.0107 | 1.024 
1.0190 | 1.015 
1.0180 | 1.022 
1.0141 | 1.012 
1.0348 | 1.006 


1.0056 | 1.013 | Reyher. 
1.0100 | 1.008 UY 
1.0092 | 1.012 
1.0071 | 1.007 ye 
1.0173 | 1.000 | Wagner. 


1.0084 | 1.014 
1.0104 | I.OI1T se 
1.0077 | 1.024 ss 
1.0096 | 1.019 e 
1.0094 | 1.036 s 


| Strontium chloride . 1.0676 | 1.141 
° nitrate .| 1.0822] 1.115 

Zinc chloride. . .| 1.0590] 1.189 
Seenitiate a. || 1.0750 | 1064 

“ sulphate. . .| 1.0792] 1.367 


1.0171 | 1.034 
1.0208 | 1.024 
1.0152 | 1.053 
I.O1QI | 1.039 
1.0198 | 1.052 


1.0402 | 1.173 


* In the case of solutions of salts it has been found (wide Arrhennius, Zeits. fiir Phys. Chem. vol. 1, p. 285) that 
the specific viscosity can, in many cases, be nearly expressed by the equation “= ,", where p, is the specific viscosity 
for a normal solution referred to the solvent at the same temperature, and # the number of gramme molecules in the 
solution under consideration, The same rule may of course be applied to solutions stated in percentages instead of 
gramme molecules. The table here given has been compiled from the results of Reyher (Zeits. fiir Phys. Chem. vol. 2, 
P. 749) and of Wagner (Zeits. fiir Phys, Chem. vol. 5, p. 31) and illustrates this rule. The numbers are all for 25° C. 
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16 4 TABLE 159. 
VISCQSITY QF GASES AND VAPQRS. 


The values of wu given in the table are 10° times the coefficients of viscosity in C. G. S. units. 


Substance. oC, Substance. 


Ethyl chloride. .. . 
Ethyl iodide. ..... 


Alcohol, Methyl. ... 
Alcohol, Ethyl 
Alcohol, Propyl, 


Lal 


| Alcohol, Butyl,norm. 
Alcohol, Isobutyl...} 108. 
Alcohol, Tert. butyl.| 82. 
) 


Lal 


SUIONUOOOORO OR PWOORHO OR, 
NIN ONWNH NH HP COWOWOMWMOH NH NH NHNDONKHUUNNUN HWP HH 


Methane 
Methyl chloride. sk 
< ae 


Carbon bisulphide. . 
Carbon dioxide 


“ce “cc 


Methyl iodide. ... 
N itrogen 


310007 


OCOCONOOKHHD FR 


I 
2 
2 
2 
2 
2 
2 
3 
3 
Bis 
3 
3 
3 
3 
4 
4 
5 
5 
5 
5 
5 
re) 
6 
6 
I 
2 
° 
2 
2 
2 
2 
° 
4 
4 
4 
i 
I 
3 
I 


OKROOOO000RHO- 


HH 
a) co 
C@r.o 
oO 


1 Puluj, Wien. Ber. 69 (2), 1874. 9 Meyer-Schumann, Wied. Ann. 13, 1881. 
2 Breitenbach, Ann. Phys. 5, 1901. 10 Jeans, assumed mean, 1916. 

3 Steudel, Wied. Ann. 16, 1882. 11 Rankine, 1910. 

4 Graham, Philos. Trans. Lond. 1846, III. 12 Vogel (Eucken, Phys. Z. 14, 1913). For 
5 Schultze, Ann. Phys. (4), 5, 6, 1901. summaries see: Fisher, Phys. Rev. 24, 
6 Schumann, Wied. Ann. 23, 1884. 1904; Chapman, Phil. Tr. A. arr, 
7 Obermayer, Wien. Ber. 71 (2a), 1875. 1g11; Gilchrist, Phys. Rev. 1, 1913. 
8 Koch, Wied. Ann. 14, 1881, 19, 1883. Schmidt, Ann. d. Phys. 30, 1909. 


* Gilchrist’s value of the viscosity of air may be taken as the most accurate at present avail- 
able. His value at 20.2° C is 1.812 x 1074. The temperature variation given by Holman (Phil. 
Mag. 1886) gives f= 1715.50 X 10"(1 + .00275t — .ccoceo34f?). See Phys. Rev. 1, 1013. 
Millikan (Ann. Phys. 41, 759, 1913) gives for the most accurate value pM: = 0.00018240 — 
©.000000493(23 —#) when (23>f>12) whence py =0,0001809+0.1%. For po he gives 
©.0001 711, 

+The values here given were calculated from Koch’s table (Wied. Ann. 19, p. 869, 1883) 
by the formula w = 489 [1 + 746(¢ — 270) ]. 
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According to *he kinetic theory of gases the coefficient of viscosity 4 = 3(pcl), p being the 


TABLE 160. 16 5 
VISCOSITY OF GASES. 
Variation of Viscosity with Pressure and Temperature. 


pe ee ee Eee eee ee ee 


density, ¢ the average velocity of the molecules, / the average path. Since / varies inversely 
as the number of molecules per unit volume, pl is a constant and yw should be independent of the 


density and pressure of a gas (Maxwell’s law). This has been found true for ordinary pressures; 


below #o atmosphere it may fail, and for certain gases it has been proved untrue for high pres- 
sures, e.g., CO, at 33° and above 5c atm. See Jeans, ‘‘ Dynamical Theory of Gases.” 

If B is the amount of momentum transferred from a plane moving with velocity U and parallel 
to a stationary plane distant d, and s is a quantity (coefficient of slip) to allow for the slipping 
of the gas molecules over the plane, then « = (B/U) (d + 2s); s is of the same magnitude as /, 
probably between .7 (Timiriazeff) and .9 (Knudsen) of it; at low pressures d becomes negligible 
compared with 2s and the viscosity should vary inversely as the pressure. 

¢ depends only on the temperature and the molecular weight; viscosity should, therefore, 
increase with the pressures for gases. ¢ varies as the V T, but w has been found to increase much 
more rapidly. Meyer’s formula, uz = Mo(1 + at), where a is a constant and pf the viscosity at 
0° C, is a convenient approximate relation. Sutherland’s formula (Phil. Mag. 31, 1893). 


Be owas OB )) 
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is the most accurate formula in use, taking in account the effect of molecular forces. It holds 
for temperatures above the critical and for pressures following approximately Boyle’s law. It 


may be thrown into the form T = K TA / — C which is linear in terms of T and qT? /p, with a 
slope equal to K and the ordinate intercept equal to —C. See Fisher, Phys. Rev. 24, 1907, 
from which most of the following table is taken. Onnes (see Jeans) shows that this formula does 
not represent Helium at low temperatures with anything like the accuracy of the simpler formula 
Me = Mo(T/273.1)”. 

The following table contains the constants for the above three formulae, T being always the 
absolute temperature, Centigrade scale. 


Carbon mo- 


noxide : : Nitrogen 
Carbon dioxide} 240 : : Nitrous oxide, 
Chloroform...] 454 


* The authorities for ~ are: Air, Rayleigh; Ar, Mean, Rayleigh, Schultze; CO, COs, No, 
N,0, von Obermayer; Helium, Mean, Rayleigh, Schultze; 2d value, low temperature work of, 
Onnes; He, Oo, Mean, Rayleigh, von Obermayer. 
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166 TABLE 161. 
DIFFUSION OF AN AQUEOUS SOLUTION INTO PURE WATER. 


If & is the coefficient of diffusion, dS the amount of the substance which passes in the time dy, 
at the place x, through g sq. cm. of a diffusion cylinder under the influence of a drop of concen- 
tration dc / dx, then d. 
dS = —kg & dt. 


& depends on the temperature and the concentration. ¢ gives the gram-molecules per liter. 
The unit of time is a day. 


Substance, 


Bromine . 
Chlorine . . 
Copper sulphate 
Glycerine 


Iodine. 5 
Nitric acid 
“ 


Silver nitrate . 
Sodium chloride 


Hydrochloric acid . 


Potassium chloride 
hydroxide - 


- 
- 


Substance. 


Calcium chloride 
“ 


“ 
. 


“ “6 


Copper sulphate 


“ “ 


“ & 
Glycerine 
“6 


“ 


66 


Urea : 5 ‘ 
Hydrochloric acid . 


Acetic acid 
Barium chloride 
Glycerine 
Sodium actetate 

“ chloride 
Urea H 
Aceticacid . 
Ammonia A 
Formic acid 
Giycerine : : 
Hydrochloric acid . 
Magnesium sulphate 
Potassium bromide. 

“hydroxide . 
Sodium chloride 

66 


Magnesium sulphate 
“é “ 


6é 6 


“ “ec 


Potassium hydroxide 
“ bw 


“ 
nitrate . 

“ec 

“ 


“ “ 


“hydroxide . 
as iodide 
Sugar . A 
Sulphuric acid 
Zinc sulphate . 
Acetic acid 
Calcium chloride 
Cadmium sulphate . 
Hydrochloric acid . 
Sodium iodide 
| Sulphuric acid 
Zinc acetate 
66 6 
Acetic acid . ao 
Potassium carbonate} “ 
si hydroxide | “ 
Acetic acid . . | 4.0 
Potassium chloride. | “ 


sulphate 


Silver nitrate . 
“ “ce . 
Sodium chloride 

6 66 i 0.996 
0.980 
0.948 
0.917 
2.36 
1.90 
1.60 
1.34 
T.32 
1.30 


CONNDWIOO ABDHAO WHO ADWMNW YW AKA QWNNN QW NUWAP AW NNNNNHNW DN 


1 Euler, Wied. Ann. 63, 1897. -§ Kawalki, Wied. Ann. 52, 1894; 59, 1896. 
2 Thovert, C. R. 133, 1901; 134, 1902. 6 Arrhenius, Zeitschr. Phys. Chem. ro, 1892. 
3 Heimbrodt, Diss. Leipzig, 1903. 7 Abegg, Zeitschr. Phys. Chem. 11, 1893. 

4 Scheffer, Chem. Ber. 15, 1882; 16, 1883; 8 Schuhmeister, Wien. Ber. 79 (2), 1879. 


Zeitschr. Phys. Chem. 2, 1888. 9 Seitz, Wied. Ann. 64, 1898. 


Compiled from Landolt-Bérnstein-Meyerhoffer’s Physikalisch-chemische Tabellen. 
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TABLE 162. 167 
DIFFUSION OF VAPORS. 


Coefficients of diffusion of vapors in C. G. S. units. The coefficients are for the temperatures given in the table and 
a pressure of 76 centimeters of mercury.* 


Temp. C kt for vapor | ke for vapor | kz for vapor | 


Vapor. diffusing into | diffusing into diffusing into 
. S hydrogen. air. carbon dioxide. 
Acids; Formic é : ; 0.0 0.5131 0.1315 0.0879 
| + . ; : : 65-4 0.7873 0.2035 0.1343 
aF : : : : 84.9 0.8830 0.2244 0.1519 
Acetic - 5 : 0.0 0.4040 0.1061 0.0713 
a5 : : é - 65-5 0.6211 0.1578 0.1048 
“ c . . 95.5 0.7481 0.1965 0.1321 
Isovaleric . : . 0.0 0.2118 0.0555 0.0375 
e : : c . 98.0 0.3934 0.1031 0.0696 
Alcohols: Methyl . - : - 0.0 0. 5001 0.1325 0.0380 
Se aay : . : 25.6 0.6015 0.1620 0.1046 
ss - < - : 49.6 0.6738 0.1809 0.1234 
Ethyl . . : : 0.0 0.3806 0.0994 0.0693 
3 4 5 . : 40.4 0.5030 0.1372 0.0898 
: - . . 66.9 0.5430 0.1475 0.1026 
Propyl . : : : 0.0 0.3153 0.0803 0.0577 
“ . > . . 66.9 0.4832 On237 0.0901 
s ‘ . . . 83.5 0.5434 0.1379 0.0976 
Butyl. : ° . 0.0 0.2716 0.0681 0.0476 
“ : : 5 - 99.0 0.5045 0.1265 0.0884 
Amyl . - . 3 0.0 0.2351 0.0589 0.0422 
se “ A r 99.1 0.4362 0.1094 0.0784 
Hexyl : : . 0.0 0.1998 0.0499 0.0351 
, Y < - . . 99.0 0.3712 0.0927 0.0051 
Benzene. . ar : : 0.0 0.2940 0.07 51 0.0527 
. ef . . ‘ . . ° 19.9 0.3409 0.0877 0.0609 
) s Be Wes ; . é C 45.0 0.3993 0.1011 0.0715 
Carbon disulphide . - - : 0.0 0.3690 0.0883 0.0629 
a < : : 5 . 19.9 0.4255 0.1015 0.0726 
fe “ ‘ . : . 32.8 0.4626 0.1120 0.0789 
Esters: Methyl acetate . ° - 0.0 0.3277 0.0840 0.0557 
ac : ci : 20.3 0.3928 0.1013 0.0079 
Ethyl ef : : . 0.0 0.2373 0.0630 0.0450 
cs ah : : . 46.1 0.3729 0.0970 0.0666 
Methyl butyrate. : : 0.0 =) 10,2422 0.0640 0.0438 
a s c : 4 92.1 0.4308 0.1139 0.0809 
Ethyl if F : : 0.0 0.2238 0.0573 0.0406 
z se " : : . 96.5 0.4112 0.1064 0.07 56 
f “valerate . . : 0.0 0.2050 0.0505 0.0366 
C o . dg tangs 97.6 0.3784 0.0932 0.0676 
4) 
; Ether . “ : : : < 0.0 0.2960 0.0775 0.0552 
: s . . ‘ . 5 C 19.9 0.3410 0.0893 0.0036 
Water? tina) « : : : : 0.0 0.6870 0.1980 0.1310 
be F fe : 5 6 49.5 1.0000 0.2827 o.181I 
- : : = : 5 c 2.4 1.1794 0.3451 0.2384 


* Taken from Winkelmann’'s papers (Wied. Ann. vols. 22, 23, and 26). The coefficients for 0° were calculated 
by Winkelmann on the assumption that the rate of diffusion is proportional to the absolute temperature. According 
to the investigations of Loschmidt and of Obermeyer the coefficient of diffusion of a gas, or vapor, at o° C. and a 
pressure of 76 centimetres of bated a be calculated from the observed coefficient at another temperature and 


pressure by the formula 4,=- iss where 7 is temperature absolute and Z the pressure of the gas. The 
y T a 2p 


exponent z is found to be about 1.75 for the permanent gases and abuut 2 for condensible gases. The following 
are examples: Air—COs, 7=1.968; COs.—N,O, ~=2.05; CO,—H, #=1.742; CO—O, x=1.785: H—O, 
n= 1.755; O—N, x= 1.7092. Winkelmann’s results, as given in the above table, seem to give about 2 for vapors 
diffusing into air, hydrogen or carbon dioxide. 
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168 TaBLes 163-164, 


DIFFUSION OF GASES, VAPORS, AND METALS. 
TABLE 163, — Coefficients of Diffusion for Various Gases and Vapors.* 


Temp. | Coefficient 


Gas or Vapor diffusing. Gas or Vapor diffused into. OC, lof lihason: Authority. 


0.661 Schulze. 
0.1775 Obermayer, 
0.1423 Loschmidt. 
0.1360 Waitz. 
0.1405 Loschmidt. 
0.1314 Obermayer. 
0.5437 re 
0.1465 * 
0.0983 Loschmidt. 
0.1802 as 
0.0995 Stefan. 
0.1314 Obermayer. 
O.1OL ss 
0.6422 Loschmidt. 
0.1802 . 
0.1872 Obermayer. 
0.0827 Stefan. 
0.3054 Re 

0.6340 Obermayer. 
0.5334 . 
0.6488 

0.4593 

0.4863 

0.6254 

0.5347 

0288 

0.1787 

0.1357 

0.7217 Loschmidt, 
0.1710 Obermayer. 
0.4828 Loschmidt. 
0.2390 Guglilemo. 
0.2475 a 
0.8710 as 


ENV ie Sh ihe . Hydrogen 

Cealhlh WS ats Bean, Kelle - Oxygen . 

Carbon dioxide . . : SE ee ee 
sé 6 “a 


Carbon monoxide 
“ Tf 


Hydrogen ... 
= ants Methane . a Ve 
z eo Nitrous oxide .. 
eee vee Oxygen... % 
Carbon disulphide . . . Arg, sed We 
Carbon monoxide . . Carbon dioxide 
“ ee : Ethylene. . 
sos Hydrogen . 


/ bee POMC me 
Carbon dioxide 

“ monoxide 
Ethane 
Ethylene . 
Methane . 
Nitrous oxide . 
Oxygen .. .- 
Nitrogen rae . oh chris 
Oxygen . a5 : Carbon dioxide 

“s o Peedi Ae Hydrogen 

f cUibes eisiune oe Nitrogen . 
Sulphur dioxide . . : Hydrogen 
Water) - |. oe Jive ae Give 
6“ 


“ce 


mnmnaooooooro90~o0c0ccC0cC0C0C0C0C0O0O0C0O0O0CO0C0O0OoOoOoO00 0 


= 


Hydrogen 


* Compiled for the most part from a similar table in Landolt & Boérnstein’s Phys. Chem, Tab. 


TABLE 164,— Diffusion of Metals into Metals. 


dv d*v__ where x is the distance in direction of diffusion; 7, the degree of concentration of 
a “dx? the diffusing metal; 4 the time; 4, the diffusion constant = the quantity of metal 

in grams diffusing through a sq. cm. in aday when unit difference of concentra- 
tion (gr. per cu. cm.) is maintained between two sides of a layer one cm. thick. 


ete ae Dissolving | Tempera- “pes Dissolving | Tempera- 
Diffusing Metal. Met. ome OC, : Diffusing Metal. ee fase oe 


Gold . Lead . 555 Platinum. Lead 
Soo dale Ss $ . 492 x iheadae Altre 
251 : Rhodium. Lead 

200 SGIIKY ote), he Mercury 


R 165 Lead 
: 100 ZING J he. ‘f 
Bismuth 555 Sodium . cs 
; Abie 555 i Potassium 
Silver. . Cos 555 Golders 


From Roberts-Austen, Philosophical Transactions, 187A, p. 383, 1896. 
* These values are from Guthrie. 
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TABLE 165. 169 


SOLUBILITY OF INORGANIC SALTS IN WATER; VARIATION WITH 
THE TEMPERATURE. 


The numbers give the number of grams of the azhydrous salt soluble in 1000 grams of water at 
the given temperatures. 


Temperature Centigrade. 


MENOs. . . « 
Ale(SO4)3 . 
AloKo(SO4)4 . 
Alp(N H4)2(SO4)4 
B20 . Soest 
BaCle . ee © © 
Ba(NOs)a “7 f¢7@ 
70 ree 
TCL as ears 
CIES Se ery 
CsNOg . 7 
CseSO4 me he 
Cu(NOs)2 . 
CuSO4 

feClo. 

Btesleri wo 6 
FeSO, ane, 7 
ei. 
iePr. . 

K2COg 

mC] . 

KC1O3 . 

KeCrO, . 

KeCr2O07 
KHCOs. 
me. 
KSNIOR..-«- 
iO) ae 
IePtCle. 
KeSO4 = 
(0); 
MgCl. Stee 


MgSO, . . — (7aq) 

: “ - +  (6aq) 
cl... ke 
NH,HCOs. 


NH,4NOg . 
(NH4)2SOq. 
REBT. +. « 
NapB4O7 ee ae owe al 
NagCOs . . (10aq) 


(7aq) 
NaCl... See 
NaClO; . 
NapCrO,4 . 
Na gCr20, . 
NaHCOs . 
Na,HPO, . 
ial... 
NaNOs . 


Compiled from Landolt-Bérnstein-Meyerhoffer’s Physikalisch-chemische Tabellen. 


SMITHSONIAN TABLEs. 


>_< 


170 . TABLES 165 (concluded) =167, ' : 


SOLUBILITY OF SALTS AND GASES IN WATER. 
TABLE 165 (concluded) — Solubility of Inorganic Salts in Water ; Variation with the Temperature. 


The numbers give the number of grams of the azhydrous salt soluble in 1000 grams of water at 
the given temperatures. 


Temperature Centigrade. 


Ha(COos), . .« 
Ho(C H2.COg)e 
Tartaric acid 
Racemic “ 
K(HCOg) 
KH(C4H40¢) . 


TABLE 167,.—Solubility of Gases in Water; Variation with the Temperature. 


The table gives the weight in grams of the gas which will be absorbed in 1000 grams of water 
when the partial pressure of the gas plus the vapor pressure of the liquid at the given tempera- 
ture equals 760 mm. 


Compiled from Landolt-Bérnstein-Meyerhoffer’s Physikalisch-chemische Tabellen. 
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TABLE 168. I7I 
CHANCE OF SOLUBILITY PRODUCED BY UNIFORM PRESSURE.* 


CdSO,8/3H,2O at 25° ZnSO4.7H,.O at 25° Mannite at 24.05° NaCl at 24.05° 


Pressure 


gs. monnite per 


gs. CdSO, per 
100 gs. H,O. 


100 gs. H, 
Percentage change. 
Conc. of satd. soln. 

gs. ZnSO, per 

100 gs. H,O. 
Percentage change. 
Cone. of satd. soln. 
Percentage change. 
Conc. of satd. soln. 

gs. NaCl. per 

100 gs. H,O 
Percentage change. 
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__* E, Cohen and L. R. Sinnige, Z. physik. Chem. 67, p. 432, 1909; 69, p- 102, 1909. KE, Cohen, K. Inouye and 
C, Euwen, 767d. 75, p. 257, 1911. These authors give a critical résumé of earlier work along this line. 
) 
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172 TABLE 169, ‘ 


ABSORPTION OF CASES BY LIQUIDS.* 


ApsoRPTION COEFFICIENTS, a, FOR GASES IN WATER. 
Temperature 
Centigrade. 
Carbon Carbon 
dioxide. monoxide. 
5 ‘0 


Nitrie Nitrous 
oxide, 
O 


Hydrogen. | Nitrogen. 
H N 


0.02110 | 0.02399 i : 0.04925 

.02022 .02134 4 8778 04335 

10 ; 7 01944 01918 : 03852 

15 ; i .01875 .01742 : .03456 

20 ; : .01809 01599 F 03137 

25 H : 01745 .O1481 : 02874 

30 .01690 01370 02646 

40 : : 01644 O1195 ; .02316 

50 : 01608 .O1074 .02080 

100 ; .01600 .O1OLI 01690 


Temperature ; ? Hydrogen Sulphur 
Centigrade. ray ia er These, or ra sltphale. Nionide, 


H,S SO, 


0.02471 1174.6 3.036 0.2563 0.05473 4.371 Be 73 
02179 971-5 2.808 2153 048389 3-965 
01953 840.2 2.58 -1837 .04 367 3-586 sé as 
01795 756.0 2.38 1615 03903 3.238 
01704 633.1 2.156 1488 03499 2.905 Es a7 
- 610.8 1.950 - 02542 2.604 32.79 


ABSORPTION COEFFICIENTS, a4, FOR GASES IN ALcoHoL, C,H;OH. 


Temperature 
Centigrade. 


: Nitrous |Hydrogen| Sulphur 
Coe eam yore BN ide. oxide. sulphide. | dioxide. 


N,O H,S SO. 


3-595 | 0.5226 | 0.0092 | 0.1263 | 0. : 17.89 | 328.6 
3-323 5086] . Bieri é 14.78 | 251.7 
3.086 495 : P2200) a : II.99 | 190.3 
2.882 | .482 F 1214 ; 9.54 | 144.5 
2.703 Sag ioa| ©: 1204 | . “ 7.41 14:5 
2.570 | aagdo | ¢ LEGG! |) 5 : 5-62 , 


* This table contains the volumes of different gases, supposed measured at 0° C. and 76 centimeters’ pressure, which 
unit volume of the liquid named will absorb at atmospheric pressure and the temperature stated in the first column, 
The numbers tabulated are commonly called the absorption coefficients for the gases in water, or in alcohol, at the 
temperature ¢ and under one atmosphere of pressure. The table has been compiled from data published by Bohr & 
Bock, Bunsen, Carius, Dittmar, Hamberg, Henrick, Pagliano & Emo, Raoult, Schénfeld, Setschenow, and Winkler. 
The numbers are in many cases averages from several of these authorities. 


Note. — The effect of increase of pressure is generally to increase the absorption coefficient. The following is 
approximately the magnitude of the effect in the case of ammonia in alcohol at a temperature of 23° C.: 
P= 4s5.cme, 50 cms, 55 cms, 60 cms. 65 cms. 
O03 = 69 74 79 84 88 
According to Setschenow the effect of varying the pressure from 45 to 85 centimeters in the case of carbonic acid in 
water is very small. 
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TaBLes 170-172, 173 
CAPILLARITY.—~SURFACE TENSION OF LIQUIDS.* 
j 
. 
: 


TABLE 170, —Water and Alcohol in Contact with Air. TABLE 172, — tema of Salts in 
ater. 


faa | 
Tension 
o. jin dynes 
per cm. 


Surface 
tension 
in dynes 
per cen- 
* | timeter. 


Surface tension Surface tension 
in dynes per in dynes per 
centimeter. centimeter. 


Salt in 
solution. 


Ethyl Ethyl 
alcohol. alcohol. Water. 


BaCle : 81.8 
“ ies 


Water. 
CaCle 
HCl 


20.0 64.3 
19.5 63.6 
19.1 62.9 
18.6 | 62.2 
18.2 61.5 
17.8 - 
rs 

16.9 


“ 
KCl 
MgCle 

it] 


6“ 


NaCl 
“ 


iT; 


NH,Cl 


TABLE 171.— Miscellaneous Liquids in Contact with Air. ‘“ 
SrCle 


Surface 
tension 
oO | in dynes Authority. 
per cen- 
timeter. 


K,CO3 
NagC Og 
Aceton . : . 
ACC acid, .1, + 
Amyl alcohol. . 
IBENZOlG.. 6 ss 
| Butyricacid . . 
Carbon disulphide 
Chloroform : 
Ether. 

Glycerine . 
Hexane. . 


“a 


Ramsay-Shields. 


. 6“ 
Average of various. 
“ 


KNOsg 


oe OU 


NaNOg3 


Quincke. 
Average of various. 
“ 


CuSO4 
HeSO4 


DArnNWN NNW DN 


Hall. 
Schiff, rs 


KeSO4 
6“ 


WiCtCUnY:.) < s 
Methyl alcohol 
Olive oil. . 

Petroleum. . 
Propyl alcohol 


in 


= NSN NWN WH AN 


RHO MnumPph OP aw 000 


Average of various. 
“ 


“ 
Magie. 
Schiff. 


MgSO4 
Mn2SO4 
“ 


- “ ZnSO4 
it Me 


AOR OODOONNOKDH HON DODD 


| Turpentine. . 


iS) 


Average of various. 


* This determination of the capillary constants of liquids has been the subject of many careful experiments, but the 
results of the different experimenters, and even of the same observer when the method of measurement is changed, 
do not agree well together. The values here quoted can only be taken as approximations to the actual values for the 
liquids in a state of purity in contact with pure air. In the case of water the values given by Lord Rayleigh from the 
wave length of ripples (Phil. Mag. 1890) and by Hall from direct measurement of the tension of a flat film (Phil. Mag. 
1893) have been preferred, and the temperature correction has been taken as 0.141 dyne per degree centigrade. The 
values for alcohol were derived from the experiments of Hall above referred to and the experiments on the effect of 
temperature made by Timberg (Wied. Ann. vol. 30). 

The authority for a few of the other values given is quoted, but they are for the most part average values derived 
from a large number of results published by different experimenters. 

t From Volkmann (Wied. Ann. vol. 17, p. 353). 


For more recent data see especially Harkins, J, Am. Ch, Soc., 39, p. 55, 1917 (336 liquids), and 42, 
Pp. 702, 2543, 1920. 
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TENSION OF LIQUIDS. 
TABLE 173.—Surface Tension of Liquids.* 


Surface tension in dynes per cen- 
timeter of liquid in contact with — 
Specific 
gravity. 
Air. Water. | Mercury. 


Water . : . : 75:0 0.0 
Mercury é ; 513.0 392.0 
Bisulphide of carbon : 30.5 41.7 
Chloroform . ‘ (31.8) 26.8 
Ethyl alcohol : (24.1) ~ 
Olive oil 2 5 34.6 18.6 
Turpentine . 4 28.8 V1.5 
Petroleum. - ; 29.7 (28.9) 
Hydrochloric acid : (72.9) ~ 

Hyposulphite of soda solution 69.9 - 


Tempera- 


Tempera- 
tured Surface 


Surface 
ture of ‘aceae rface 
soldine tension in solidifi- tension in 


: dynes per dynes per 
: I cation, P 
Gent? Centimeter. Cent,o | centimeter. 


Substance. Substance. 


Platinum sx - | 2000 1691 Antimony . ; 432 249 
Golde. 1200 1003 Borax . . - 1000 216 
ZINC : - : 360 877 Carbonate of soda 210 
Tin : 230 599 Chloride of sodium. 116 
Mercury —40 588 Water . : ; 87.9t 
Iceads a. 330 457 Selenium : 71.8 
Silver . ~ |) 1060 427 Sulphur . 42.1 
Bismuth : 26 3 1390 Phosphorus 42.0 

5 

go 


Potassium B7it Wiaxas : ; 34-1 
Sodium 258 


TABLE 175,— Tension of Soap Films. 


Elaborate measurements of the thickness of soap films have been made by Reinold and 
Rucker.|| They find that a film of oleate of soda solution containing 1 of soap to 70 of 
water, and having 3 per cent of KNOs3 added to increase electrical conductivity, breaks at 
a thickness varying between 7.2 and 14.5 micro-millimeters, the average being 12.1 micro- 
millimeters. The film becomes black and apparently of nearly uniform thickness round 
the point where fracture begins. Outside the black patch there is the usual display of 
colors, and the thickness at these parts may be estimated from the colors of thin plates 
and the refractive index of the solution. 

» When the percentage of K NOs is diminished, the thickness of the black patch increases. 
For example, KNO3 =) 3 I 0.5 0,0 
Thickness = 12.4 13.5 14.5 22.1 micro-mm. 

A similar variation was found in the other soaps. 

It was also found that diminishing the proportion of soap in the solution, there being 
no KNOs dissolved, increased the thickness of the film. 

I part soap to 30 of water gave thickness 21.6 micro-mm. 

I part soap to 40 of water gave thickness 22.1 micro-mm. 

I part soap to 60 of water gave thickness 27.7 micro-mm. 

I part soap to 80 of water gave thickness 29.3 micro-mm. 


* This table of tensions at the surface separating the liquid named in the first column and air, water or mercury 
as stated at the head of the last three columns, is from Quincke’s experiments (Pogg. Ann. vol. 139, and Phil. Mag. 
1871). The numbers given are the equivalent in dynes per centimeter of those obtained by Worthington from 
Quincke’s results (Phil. Mag. vol. 20, 1885) with the exception of those in brackets, which were not corrected by 
Sere sastens they are probably somewhat too high, for the reason stated by Worthington. The temperature was 
about 20° C, 

t+ Quincke, “ Pogg. Ann.” vol. 135, p. 661. 

_# It will be observed that the value here given on the authority of Quincke is much higher than his subsequent 
measurements, as quoted above, give. 

 ‘* Proc. Roy. Soc.” 1877, and ‘ Phil. Trans. Roy. Soc.” 1881, 1883, and 1893. 


Norr. — Quincke points out that substances may be divided into groups in each of which the ratio of the surface 
tension to the density is nearly constant. Thus, if this ratio for mercury be taken as unit, the ratio for the bromides 
and iodides is about a half: that of the nitrates, chlorides, sugars, and fats, as well as the metals, lead, bismuth, and 
antimony, about 1; that of water, the carbonates, sulphates, and probably phosphates, and the metals platinum, gold, 
silver, cadmium, tin, and copper, 2}; that of zinc, iron, and palladium, 3; and that of sodium, 6. 
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VAPOR PRESSURE. t 
sal 75 
TABLE 176. — Vapor Pressure of Elements. 


Hydrogen. Oxygen. 


20.41° K| 800 |90.60° K| 800 |77.33° ; : é .7|44112|2TO. 5141245 
20.22 760 .10 760 8 : .0/23251. - 3]31501]206. 4/37006 
19.93 700 "53 700 : ; . 821334. .6|21967|204. 1/34693 
Ig.41 600 .Or 600 : , .8]20700. .0]21512|201.5/31621 
18.82 500 .29 500 : ; .1]/10313. .6|19984] 201 .0]30837 
18.15 400 -39 400 3 ; stall Cee . 7|18153|197.9|28808 
17.36 300 .09 300 5] 704.5|244.2/15868]170.9/11970 
16.37 200 .07 200 .5| 633.4]/239.7/13071/112.7| 387 
14.93 store) : ; .8] 524.3]/237.4113505| 88.6] 17.4 

6] 465.0]231.4/11134| 84.2] 9. 

Travers, Sen- ¢ 77 ARO PeM | es.3 ee2| 2020) 

Travers, Jaque-| ter, Jaque-| Fischer, Alt, 53) J2ascol-——s it) | | = 
rod, 1902-5. rod, 1902-3. 1902. Mi oS ee 

Ramsay, Travers, Zs. phys. Ch. 38, 1901. 

| 


Chlorine. Bromine. Iodine. : Silver. 
Pressure. ¢ 


2310 ; 1955 | 1.0 
2180 3 1780 | 0.346 
1980 : 1660 | 0.1355 


93.50 atm. : 760 
41.70 atm. 6. 700 
14.70 atm. ; 600 
.62 atm. 8 500 
.66 atm. ; 400 
.84 atm. : 300 
200 


Bismuth. 


aC Atme. 


2060 | 16.5 
I50 : LO5e)| LL. 7, 
Too - 030 ; 1740 6.3 
5° , 1420 I.0 
45 |Baxter, Hick- : 1310 | 0.338 

62.5 mm . 40 | ey, Holmes, 1200 | 0.134 

45. mm . 307) oye Ame Ch: T; 

37-5 mm S050 20> Sac: 1907. = 


CAOD0OOHH NW 


ac Atme. 
| |Knietsch, W. Ann. 1890.;Ramsay, Young rae a 
_ | /Cu to Sn, Greenwood, Pr.| J. Ch. Soc. . 2270 | 1.0 
Roy. Soc. 83A, 19103; 1886. . 2100 | 0.345 


Zs. ph: Ch. 76, 1911. z 1970 | 0.133 


Evaporation rate. 
g/cm?/sec. 


g/cm?/sec. 


- 017324 
OwII4 -O12TIT 
010144 .09188 
.09798 .07484 
07236 . 05350 
064.29 - 03107 
05523 760 mm 
04467 
03769 


09009000 


Langmuir, MacKay, Phys. 
Rev. 2, 1913; 4, 1914. 
Order of vacuum, 0.001 mm. 


Zn, Xo = 3.28 X 104; K=1.17 X10! Cd, Xo = 2.77 X 104; K = 5.27 X 108 
Hg, 0 = 1.60 X 104; == 3.72 X 10! (Knudsen) 


: 

: 

d 

p = K.T~4e-o/RT dynes/cm?. Egerton, Phil. Mag. 33, p. 33, 1917. 
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176 TABLE 178. 


VAPOR PRESSURES. 


The vapor pressures here tabulated have been taken, with one exception, from Regnault’s results 
fhe vapor pressure of Pictet's fluid is given on his own authority. The pressures are in centimeters of 
mercury. 


Chloro- | Ethyl Ethyl Ethyl | Methyl | Turpen 
alcohol. ether. | bromide.| alcohol. i 
C,H,,0 | C,H;Br | CH,O 


Acetone. | Benzol. 


@QMITHSONIAN TABLES. 


Ethyl | Methyl 


. | jodide. | chloride. 


C,HsI | CH3Cl 


a 57:90 
1300.70 - 71.78 
1514.24 - 88.32 
1758.25 - | 107.92 
2034.02 - | 130.96 
2344-13 — | 157.87 


2690.66 189.10 


307 5.38 5-41 | 225.11 
3499.86 6.92 | 266.38 
3964.69 8.76 | 313-41 


4471.66 


5020.73 
5611.90 
6244.73 
6918.44 
7631.46 


11.00 | 366.69 


13-69 | 426.74 
16.9E | 494.05 
20.71 | 569.11 


30.38 - 


os 
| Hed soa Vie 
| me) feel Vint fa | 


ether. 


57-65 


71.61 
88.20 
107.77 
130.66 
157-25 


187.90 
222.90 
262.90 
307.98 
358.60 


415.10 
477.80 


Methylic 
C,H,O 


TABLE 178 (continued). 


VAPOR PRESSURES. 


Nitrous 
oxide. 


Pictet’s 


fluid. 
64SO+| dioxi 


44COz by 
Weight 


58.52 


67.64 
74.48 
89.68 
101.84 
121.60 


139.08 
167.20 
193-80 
226.48 
258.40 


TABLE 178 (a). — Vapor Pressures at Low Temperatures. 


1 bar = 0,000000987 atm. = 0.000750 mm 
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g. 


Sulphur | Hydrogen 


28. 


37-38 | 374.93 
47-95 | 44335 
60.79 | 519.65 
76.25 | 608.46 
94.69 | 706.60 
116.51 | 820.6 
142.11 | 949.0 


171.95 | 1089.63 
206.49 | 1244.79 


246, 


343: 


Died 
812. 
922. 


r 
j 
__ Many of the following values are extrapolations made by Langmuir by means of plots of log. p against 1/T. Gen. 
Elect. Rev. 23, 681, 1920. 
. 
t 
; 
; 


SO, H,S 


291.60 | 1601.24 
401.48 | 2002.43 
467.02 | 2258.25 
549-35 


622.00 | 2781.48 


de. | sulphide. 


75 


20 | 1415.15 


18 | 1803.53 


2495.43 


50 | 3069.07 
38 | 3374.02 
14 | 3096.15 
4035-32 
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178 TasBLes 179-180. 


VAPOR PRESSURE. 


TABLE 179, —Vapor Pressure of Ethyl Alcohol.* 


© fa |e | ole | |e ol ee 


Vapor pressure in millimeters of mercury at 0° C. | 


O°} 12.24] 13.18 | 14.15 | 15.16 | 16.21} 17.31 | 18.46] 19.68] 20.98] 22.34 
10 | 23.78 | 25.31 | 27.94 28.67 | 30.50 | 32.44 | 34-49 | 36.67 | 38.97] 41.40 
20 | 44.00| 46.06] 49.47 | 52-44] 55-56) 58.86] 62.33 | 65.97 | 69.80] 73.83 
30 | 78.06 | 82.50 | 87.17 | 92.07 | 97.21 | 102.60 | 108.24 | 114.15 | 120.35 | 126.86 


40 | 133.70 | 140.75 | 148.10 | 155.80 | 163.80 | 172.20 | 181.00 | 190.10 | 199.65 | 209.60 
50 | 220.00 | 230.80 | 242.50 | 253-80 | 265.90 | 278.60 | 291.85 | 305.65 | 319.95 | 334-85 
60 | 350.30 | 306.40 | 333-10 | 400.40 | 418.35 | 437-00 | 456.35 | 476.45 | 497-25 | 518.85 

70 | 541.20 | 564.35 | 588.35 | 613.20 | 638.95 | 665.55 | 693.10 | 721.55 | 751.00 | 781.45 


From the formula log = a + da’ + cB* Ramsay and Young obtain the following numbers.t 


0° | 10° | 20° | 30° | 40° | 50° 60° 


70° | 80° | 90° 


Vapor pressure in millimeters of mercury at 0° C. 


43-97, 78.11 


133.42 350.21 
223. 4318.7 


5686.6 |7368.7 |9409.9 | II 
45519. 


811.81| 1186.5 


gio-9 
14764. |18185. 


58. 


nna 
hero 


RUGO YL 


* This table has been compiled from results published by Ramsay and Young (Jour. Chem. Soe. vol. 47, and Phil. 
Trans. Roy. Soc., 1886). 

+ In this formula a= 5.0720301; log d= 2.6406131; log ¢ = 0.6050854; log a= 0.003377538; log 8 = 1.99682424 
(c is negative). 

+ Taken from a paper by Dittmar and Fawsitt (Trans. Roy. Soc. Edin, vol, 33). 
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j TABLE 181. 179 


| VAPOR PRESSURE.* 


Carbon Disulphide, Chlorobenzene, Bromobenzene, and Anfine. 


(a) CARBON DISULPHIDE. 


O°} 127.90 | 133-85 | 140.05 | 146.45 | 153.10 | 160.00 | 167.15 | 174.60 | 182.25 | 190.20 
10 | 198.45 | 207.00 | 215.80 | 224.95 | 234.40 | 244.15 | 25425 | 264.65 | 275.40 | 286.55 
20 | 298.05 | 309.90 | 322.10 | 334.70 | 347.70 | 361.10 | 374.95 | 389.20 | 403.90 | 419.00 
30 | 434-60 | 450.65 | 467.15 | 454.15 | 501.65 | 519.65 | 538.15 | 557-15 | 576.75 300-85 
40 | 617.50 | 638.70 | 660.50 | 682.90 | 705.90 | 729.50 | 753-75 | 778.60 | 804.10 


(b) CHLOROBENZENE. 
20°; = 8.65 9.14 G66.) 1O.20 18.79) MbE.4AO' | 12.04) 13-91 | 63.42 b> TTF 
30] 14.95] 15.77 | 16.63 | 17.53] 18.47] 19.45 | 20.48 | 21.56] 22.69] 23.87 
— 40} 25.10 20.35. ] 27-72 | 20.12\) 30.58 | 32:10 | 33-69 | 35.35} 37-08, 38.88 
50} 40.75) 42.69} 44.72 | 4684] 49.05| 51.35] 53:74 | 56.22 | 58.79] 61.45 
| 60} 64.20] 67.06 | 70.03 | 73.11 | 76.30] 79.60 3.02 6.56 | 90.22 | 94.00 
mee | 97-99 101.95 | 106.10 | 110.41 | 114.85 | 119.45 | 124.20 | 129.10 | 134.15 | 139.40 
_ 80 | 144.80 | 150.30 | 156.05 | 161.95 | 168.00 | 174.25 | 181.70 | 187.30 | 194.10 | 201.15 
| 90 | 208.35 | 215.80 | 223.45 | 231.30 | 239.35 | 247.70 | 256.20 | 265.00 | 274.00 | 283.2 
5100 | 292.75 | 302.50 | 312.50 | 322.80 | 333.35 | 344-15 | 355-25 | 366.65 | 378.30 | 390.2 
110 402.55 415.10 | 427.95 | 441.15 | 454.05 | 468.50 | 482.65 | 497.20 | 512.05 | 527.25 
2 542.80 | 559.70 | 575-05 | 591-70 | 608.75 | 626.15 | 643.95 | 662.15 | 680.75 | 699.65 
130 | 718.95 | 738.65 | 758.80 = = = = = = - 

(c) BROMOBENZENE. 

18.58 | 19.52 

30.06 | 31.50 

47-28 | 49.40 

7242 | 75-46 

107.88 | 112.08 

156.03 | 161.64 

219 58 | 226.90 

301.75 | 311.15 

406.70 | 418.60 

538-40 | 553-20 

701.65 | 719-95 


- 80° 1880 | 19.78] 20.79 | 21.83] 22.90] 24.00] 25.14 | 26.32] 27.54 | 28.80 
30.10 | 31.44] 32.83] 34.27] 35-76] 37.30] 38.90 | 40.56] 42.28 | 44.06 


90 

100 | 45.90! 47.80| 49.78 | 51.84] 53.08 6.20 gb 60.88 | 63.34 | 65.88 
IIo -50 | 71.22{ 74.04 | 76.96] 79.98 3.10 d : 
120 | 100.40 } 104.22 | 108.17 | 112.25 | 116.46 | 120.80 ah pe 129.91 | 134.69 | 139.62 
130 | 144.70 | 149.94 | 155-34 | 160.90 | 166.62 | 172.50 | 178. 

140 | 204.60 | 211.38 | 218.76 | 226.14 | 233-72 | 241.50 | 249.50 | 257.72 | 266.16 | 274.82 
150 
160 
170 
180 


283.70 | 292.80 ] 302.15 | 311.75 | 321.60 | 331.70 | 342.05 | 352.65 | 363.50 | 374.60 
386.00 | 397.65 | 409.60 | 421-80 | 434.30 | 447.10 | 460.20 | 473.60 | 487.25 }| 501.25 
515.60 | 530.20 | 545.20 | 560.45 | 576.10 | 592.05 | 608.35 | 625.05 | 642.05 | 659.45 

771-50 a 


* These tables of vapor pressures are quoted from results published by Ramsay and Young (Jour. Chem. Soc. 
vol. 47). The tables are intended to give a series suitable for hot-jacket purposes, 
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1fo TABLE 181 (continued). 
VAPOR PRESSURE. 
Methyl Salicylate, Bromonaphthaleno, and Mercury. 


(e) METHYL SALICYLATE. 


3:35 | 4:09) 4.34 
6.70 7.05 7-42 
10.95 11.45 12.03 


2.40 2.58 2.77 2.97 3.18 3-40 3.62 
80 4.60 4.87 5-15 5-44 5:74 6.05 6.37 
go 7.80 8.20 8.62 9.06 9-52 9:95 | 10.44 


17-34 | 18.13 | 18.95 
26.71 | 27.85 | 29.03 
40.24 | 4184] 43-54 
59-43 | 61.73} 64.10 
85.97 | 89.09 | 92.30 | 


121.53 | 12566 | 129.90 |! 
168.19 | 173.56 | 179.06 | 
228.30 | 235-15 | 242.15 
304.48 | 313.05 | 321.85 
399-60 | 410.30 | 421.20 


100 | 12.60] 13.20} 13.82] 14.47] 15-15 | 15.85] 16.58 
110 | 19.80 | 20.68] 21.60] 22.55] 23-53 | 24-55 | 25-61 
120] 0.25". 31.52 | 32:84 | iea-21 | 135.63], 37-101 pas.67 
130] 45:30] 47.12 | 49.01] 50:00 | 52.07 |. 55.054 | 57-20 
140 | 66.55 | 69.08] 71.69] 74.38] 77-15 | 80.00} 82.94 


150 | 95.60 | 99.00 | 102.50 | 106.10 | 109.80 | 113.60 | 117.51 
160 | 134.25 | 138.72. 143.31 | 148.03 | 152.88 | 157.85 | 162.95 
170 | 184.70.| 190.48 | 196.41 | 202.49 | 208.72 | 215.10 | 221.65 
180 | 249.35 | 256.70 | 264.20 | 271.90 | 279.75 | 287.80 | 296.00 
190 | 330.85 | 349.05 | 349.45 | 359-05 | 368.85 | 378.90 | 389.15 


200 | 432.35 | 443-75 | 455-35 | 467-25 | 479-35 | 491-70 | 504-35 
210 | 557-50 | 571-45 | 585.70 | 600.25 | 615.05 | 630.15 | 645.55 
220 | 710.10 | 727.05 | 744.35 | 761.90 | 779.85 | 798.10 


517-25 | 530-40 | 543.80 
661.25 | 677.25 | 693-60 


(f) BROMONAPHTHALENE. 


3.89 4.05 4.22 4-40 4-59 

120 5-45 5.70 5.96 6.23. 6.51 6.80 7.10 
9.29 0:70 }| Ors) || 10,60) | 11-07 

FE | 24.92-| 15.55) | 16:205| = 16:87 


150) 10:80) “2o;59) | “21-41 )|) (22:25 || seam |) Fazoonlmeeato2 
160 | 28.85] 29.90 | 30.98 | 32.09 | 33-23] 34.40 | 35.60 
170 | 40.75 | 42.12] 43-53] 44-99 | 4650] 48.05 | 49.64 
180 | 56.45 | §8.27 | 60.14 | 62.04 | 64.06] 66.10 | 68.19 
190 | 77-15] 79-54] 81.99} 84.51 | 87.10 | 89.75 | 92.47 


200 | 104.05 | 107.12 | 110.27 | 113.50 | 116.81 | 120.20 | 123.67 
210 ie 142.30 | 146.29 | 150.38 | 154.57. | 158.85 | 163.25 

181.75 | 186.65 | 191.65 | 196.75 | 202.00 | 207.35 | 212.80 
230 | 235-95 | 242.05 | 248.30 | 254.65 | 261.20 | 267.85 | 274.65 
240 | 303-35 | 310.90 | 318.05 | 326.50 | 334.55 | 342-75 | 351-10 


250 | 386.35 | 395-60 | 405.05 | 414.65 | 424.45 | 434-45 | 444.65 
260 | 487.35 | 498.55 | 509-90 | 521.50 | 533-35 at5-3° 557-60 
270 | 608.75 | 622.10 | 635.70 | 649.50 | 663.55 | 677.35 | 692.40 


(g) MERCURY. 


270°) 123.92 | 126.97 | 130.08 | 133.26 | 136.50 | 139.81 | 143.18 
280 | 157.35 | 161.07 | 164.86 | 168.73 | 172.67 | 176.79 | 180.88 
290 | 198.04 | 202.53 | 207.10 | 211.76 | 216.50 | 221.33 | 226.25 


300 | 246.81 | 252.18 | 257.65 | 263.21 | 268.87 | 274.63 | 280.48 
310 | 304-93 | 311-30 | 317.75 | 324.37 | 331-08 | 337-89 | 344.81 
320 | 373-67 | 381.18 | 388.81 | 396.56 | 404.43 | 412.44 | 420.58 
330 | 454.41 463.20 472.12 | 481.19 | 490.40 | 499.74 | 509.22 
340 | 548.64 569.25 | 579-78 | 590.48 | 609.33 | 612.34 


350 658.03 669.86 | 681.86 | 694.04 | 706.40 | 718.94 | 731.65 
794.31 


t : 

aN niet 
ios) hwo 

MH 
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no 

mt 

NN 


GmiITHSONIAN TABLES. 


TABLE 182. 181 
VAPOR PRESSURE OF SOLUTIONS OF SALTS IN WATER.* 
The first column gives the chemical formula of the salt. The headings of the other columns give the number of 


gram-molecules of the salt in a liter of water. The numbers in these columns give the lowering of the vapor 
pressure produced by the salt at the temperature of boiling water under 76 centimeters barometric pressure. 


Substance. 


Alo(SO4)s_ - 
AICl3 . 

BaS2O¢ . 
Ba(OH)2 . 
Ba(NOs)2 . 


Ba(ClOs)2 . 
BaClg . 
BaBre . 
CaS:Os 
Ca(NOs)2 


CaCle . 
Cabre . 
CdSO4 
Cdl, 

CdBre . 


CdCle. 4 
Bacio - 
Cd(ClOs)e . 
CoSO,4 
CoCle ie 


Co(NOs)2 . 
FeSO, 
HgBO3 
H3PO4 
H3AsO4 


H2SO4 


| 
KH2PO4 


— iS! 


tt 
DODAA WAVY 
FO Oh DW UW OM CO 


_ 


olen! 
39 
eI O 


com! 


_ -_ _— 
NG CAE CANO a OO 
OAnNODDA AD 
foyNe) 


lo ofS) 
Nb Nh © Con 


3: 
9. 
4. 
Se 
8. 
0. 


NAr0O0 


Ww 


KNO3. 
fF} KC1Og 
KBrO3 


NNN NN 


DRO CO 


N&QWb nN 
PAWN On or HONDA 
m= NUON in 0 OW 

eS SE a ake: 

Nin Cn OD fone 


Nyon NN 


pe Fae) ee ee) ae 


LieC rO4 


* Compiled from a table by Tamn “Mém. Ac. St. oe 5 “ Zei 
Phys.” ag re e by Tamrann, m. Ac. St. Petersb.’* 35, No. 9, 1887. See also Referate, ‘‘ Zeit. £ 
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I 82 TABLE 182 (continued). 


VAPOR PRESSURE OF SOLUTIONS OF SALTS IN WATER. 
Substance. 0.5 


MgBbre 
MgHo2(SO4)e 


MnSO4 
MnCleg . . 
NaH2PO4 . 
NaHSO,4 
NaNOg 


NaClOs 
(NaPOs)¢ 
NaOH 
NaNO, . 
NagHPO, . 


NaHCOgs 
NaeS O4 
NaCl . 
NaBrOg 
Nabr . 


NN tb 
Qe 
me 


NwONNN 
RRMA 


DAOWOR OONROH 


Nal . 
Na4gP20O7 


WWNNN 
Won nn 


w 
vie) 
° 


(NH,)eSiFl 
NH.Cl-- . 


NH,HSOQ, . 
(NH,4)2SOq. 
NHgbr 
NH, . 
NiSO4 


NiCl. . 
Ni(NOs)2 
Pb(NOs)e2 
Sr(SOs)o 
Sr(NOs)2 


SrCle . 
SrBrg . 
ZnSO4 
ZnCleg . 
Zn(NOs)o2 
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TABLES 183-185. 183 
PRESSURE OF SATURATED AQUEOUS VAPOR. 


The following tables for the pressure of saturated aqueous vapor are taken princi- 
pally from the Fourth Revised Edition (1918) of the Smithsonian Meteorological Tabies. 


_ TABLE 183.— At Low Temperatures, — 69° to 0° C over Ice. 


.003 | 0.003 | 0.003 
.O13 ]| 0.012 | 0.010 
.048 | 0.042 | 0.037 
POST MOLISS) |POwn2T 
434 | 0.392 | 0.354 


2429 |/-t O40) 110.047 >| (Oro02 
AOA 550) In 2340. |) 2e044. 


1.826 | 1.684 | 1.551 | 1.429 | 1.315 
4.255) |) 53-0525) 5-000) 13-404 411 3-158 | 2.928%] 2.772 | 2. 509 
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HO 
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7. 
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18 4 TaBLe 185 (continued). 
PRESSURE OF SATURATED AQUEOUS VAPOR. 
TABLE 185.— For Temperatures 0° to 374° C over Water. 


142.8 
224.0 
341.2 
506.3 
733-3 


1038.8 
1442 
1965 
2633 
3473 


4516 
5794 
7342 
9200 
II410 


I4010 
17040 
20560 
24620 
29270 


34560 
40560 
47320 
54910 
63400 


72860 

83390 

95060 

rooo60 | 101350 5 105280 | 106600 108000 

I10700 113500 | I14900 I19200_| 120700 122200 


I25200 128300 | 129900 | 131400 | 133000 | 134600 | 136300 137900 
I41200 144600 | 146300 | 148100 | 149800 | 151600 | 153400 155200 
158800 | 160700 | 162600 | 164400 = _ — _— -_ 
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TABLES 186-188. 18 
TABLE 186.— Weight in Grams of a Cubic Meter of Saturated Aqueous Vapor. 


12.832 
23.049 
39-599 


ooo 
000 
ooo 
ooo 
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Tables are abridged from Smithsonian Meteorological Tables, fourth revised edition. 


TABLE 188.— Pressure of Aqueous Vapor in the Atmosphere. 


4 For various altitudes (barometric readings). 


___ The first column gives the depression of the wet-bulb temperature fi below the air temperature f. The value cor- 
Bee ponding to the barometric height at the altitude of observation is to be subtracted from the vapor pressure corre- 
_ Sponding to the wet-bulb temperature taken from Table 185. The temperature corresponding to this vapor pressure 
taken from Table 185 is the dew point. The wet bulb should be ventilated about 3 meters per second. For sea-level 
use Table 189. Example: ¢# = 35°, ts = 30°, barometer 74 cm. Then 31.83 — 2.46 = 29.37 mm = aqueous vapor 
pressure; the dew point is 28.6° C. 

7 Abridged from Smithsonian Meteorological Tables, 1907. 


Barometric pressure in centimeters. 


HHOO 
HROO 
mm OO 


I 
2 
3 
4 
5 
6 
7 
8 
9 


WONNNH 
WNHNHNH 
i") bv AH 


Dau hPownn 
DAonsP PAWNHN 
Unt hwW WOoONNH 
PPROW WHHDHDA 


nb Pp pPw 


NAD Unfppp WaANNN 
ANAND Unppp WwrnnH 
Man PRRWW WHNHNKH 


SIND Qunnp how nndd 
IAD AnunPRp WWNHNN 


Inn onus WOQowwWNnNN 


Onn nn & Ww 
ans RWW w 


co~wt st 
onr~s 
Aan 
Ann 
anu 
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I 86 TABLE 189. 
PRESSURE OF AQUEOUS VAPOR IN THE ATMOSPHERE. 


This table gives the vapor pressure corresponding to various values of the difference ¢ — ¢, between the readings of 
dry and wet bulb thermometers and the temperature f1 of the wet bulb thermometer. The difference ¢ — & is given 
by two-degree steps in the top line, and “4: by degrees in the first column. Temperatures in Centigrade degrees, vapor 
pressures in millimeters of mercury are used throughout the table. The table was calculated for barometric pressure 
B equal to 76 centimeters. A correction is given for each centimeter at the top of the columns. Ventilating velocity 
of wet thermometer about 3 meters per second. 


rT tie 2° rd 6° 8° 10° 12° Tae 16° TSF 


Corrections 
for B per cm 


—_—— | | | | "| eee 


—Io0 1.96 0.07 — nes — Example. 0.050 
—9 2.14 Zo °.16 _ _ 0.050 
— 8 2.34 1.35 0.35 _— — 4= 17.2; 4 = 10.0; B = 74.5 cm 0.050 
—7 ray 1.56 0.66 —_— = #—h=7.2 0.050 
— 6 2.78 1.78 °.79 _- —_ From table: 6.17 — 12 X 0.050 = 5.57 0.050 | fF 
For B, 1.5 X .048 = .OF { 
— 5 3.02 2.03 I.03 0.03 —_ Hence p = 5.64 0.050 | & 
—4 3-29 | 2.29] 1.29] 0.29 — 0.050 | F 
— 3 3.53 2.58 1.58 0.58 — 0.050 
—2 3.890 2.890 1.89 0.88 = = = = _ — 0.050 
—iI 4.22 3.22 2.22 1.20 0.21 _ _ —_ _ — 0.050 
° 4.58 3.58 2.57 Tisy 0.57 — —_ _— — — od 0.050 
I 4.92 3.92 2.92 I.QL 0.9L _ _ _ _ — — 0.050 
2 5.20 4.20 3.28 2.27 1.27 0.26 _ _— — — —- 0.050 
3 5.68 4.68 3.67 2.66 1.66 0.65 —_ — — — a 0.0590 
4 6.10 5.09 4.08 3.07 2.07 1.06 0.05 — —_ _ — 0.050 { 
5 6.54 5.53 4.52 eit 2.51 I.50 0.40 — —- — a 0.050 
6 7.01 6.00 4.99 3.98 2.97 1.90 0.95 _ — — — 0.059 
7 7.50 6.50 5.49 4.48 3.47 2.49 1.45 0.43 —_ _— _ 0.050 
8 8.04 7.03 6.02 5.01 4.09 2.98 1.07 0.96 = os 0.050 | ff 
9 8.61 7.60 6.58 Agi, 4.56 3.54 2.53 1.52 0.59 _— —_ 0.050 
Io Q.21 8.20 7.18 6.17 iets 4.14 3.12 2.15 1.09 0.03 —_ 0.050 | § 
II 9.85 8.83 7.81 6.80 5.78 Any 3°75 2e78 1.72 0.70 — 0.051 | f 
12 10.52 9.50 8.49 7.47 6.45 5-44 4.42 3-40 2.38 £37 0.35 | 0.051 | f 
13 Tl. 2A) | O22 9.20 8.18 7.16 6.14 5.02 4.11 3.09 2.07 1.05 | 0.052 
14 II.99 | 10.97 9.95 8.93 7.91 6.90 5.88 | 4.86] 3.84 2.82 1.80 } 0.051 | 
| 
15 T27O NN LE 7 LOS 9-73 8.71 7.69 6.67 5.65 4.63 3.61 2.59 | 0.051 | fF 
16 13.64 | 12.62 ] 11.60 | 10.58 9.96 8.53 7.51 6.49 5.47 4.45 3.43 | 0.052 | f 
I7 14.54 | 13.52 | 12.49 | I2.47 | 10.45 9.42 8.40 7.38 6.36 5-33 4-31 | 0.051 
18 15.49 || 14.46 | 13.44 | 12.42 | Ir.39 | 10.37 9.34 8.32 7.30 6.27 5-25 | 0.051 |p 
I9 16.49 | 15.46 } 14.44 | 13.41 | 12.39 | 12.36 | 10.34 9.31 8.29 7.26 6.24 | 0.051 |} 
i 
20 17.55 | 16.52 | 15.50 | 14.47 | 13.44 | 12.42 | 11.39 | 10.36 9.34 8.31 7.29 | 0.051 
21 18.66 | 17.64 | 16.6 | 15.58 | 14.56 | 13.53.] 12.50 | II.47 | 10:45 9-42 8.39 | 0.052 |} 
22 19.84 | 18.82 } 17.79 } 16.76 | 15.73 | 14.70 | 13.67 | 12.64 | 12.62 } 10.59 | 10.57 | 0.051 | | 
23 21.09 | 20.06 | 19.03 | 18.00 | 16.97 | 15.94 | 14.91 | 13.83 | 12.85 | 12.82 | 10.79 | 0.051 |} 
24 22.40 | 21.37 | 20.34 | 19.3r | 18.27 | 17.24 | 16.21 | 15.18 | 14.15 | 13.12 | 12.09 | 0.051 
25 23.78 | 22.75 | 21.71 | 20.68 | 19.65 | 18.62 | 17.59 | 16.56 | 15.52 | 14.49 | 13.46 | 0.052 | 
26 25.24 | 24.20 | 23.17 | 22.14 | 21.10 | 20.07 | 19.04 | 18.00 | 16.97 | 15.94 | 14.90 | 0.052 
27 26.77 | 25.73 | 24.70 | 23.660 | 22.63 | 21.60 | 20.56 | 19.53 | 18.49 | 17.45 | 16.42 | 0.052 
28 28.38 | 27.34 | 26.31 | 25.27 | 24.2 23.20 | 22.17 | 21.13 | 20.10 | 19.05 | 18.02 | 0.052 | } 
29 30.08 | 29.04 | 28.00 | 26.97 | 25.93 | 24.89 | 23.86 | 22.82 | 21.78 | 20.75 | 19.71 | 0.052 
30 31.86 | 30.82 | 29.78 | 28.75 } 27.71 | 26.67 } 25.63 | 24.60 | 23.56 | 22.52 | 21.48 | 0.052 | jj 
31 33-74 | 32-70 | 31.66 | 30.62 | 29.58 | 28.54 |] 27.50 | 26.46 | 25.42 | 24.38 | 23.34 | 0.052 | |) 
32 35-70 | 34.66 | 33.62 | 32.58 | 31.54 | 30.50 | 29.46 | 28.42 | 27.38 | 26.34 | 25.30 | 0.052 
33 | 37-78 | 36.73 | 35.60 | 34.65 | 33.61 | 32.57 | 31-53 | 30-49 | 29.44 | 28.40 | 27.36 | 0.052 
34 | 39.95 | 38-90 | 37.86 | 36.82 | 35.78 | 34.73 | 33-69 | 32.65 | 31.6 | 30.57 | 29.52 | 0.052 | | 
35 | 42.23 | 41.18 | 40.14 | 39.10 | 38.05 | 37.04 | 35.97 | 34.92 | 33-88 | 32.83 | 31.79 | 0.052 
36 44.62 | 43.57 | 42.53 | 41.48 | 40.44 | 39.40 | 38.35 | 37.31 | 36.26 | 35.22 | 34.17 | 0.052 
37 | 47-13 | 46.03 | 45.04 | 43.09 | 42.94 | 41.90 | 40.85 | 39.81 | 38.76 | 37.71 | 36.67 | 0.052 
38 | 49.76 | 48.72 | 47.66 | 46.6r | 45.57 | 44.52 | 43-47 | 42-43 | 41.38 | 40.33 | 39.29 | 0.052 | | 
39 52:51 | 51.46 | 50.41 | 49.37 | 48.32 | 47.27 | 46.22 | 45.17 | 44.12 | 43.08 | 42.03 | 0.052 | 
40 55-40 | 54.35 | 53.30 | 52.25 | 51.20 | 50.15 | 49.10 | 48.05 | 47.400 | 45.05 | 44.00 | 0.052 | 
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Tas: 190. 187 
RELATIVE HUMIDITY. 


Vertical argument is the observed vapor pressure which may be computed from the wet and dry- 
bulb readings through Table 188 or 189. The horizontal argument is the ebserved air temperature 
ey bulb reading). Based upon Table 43, p. 142, Smithsonian Meteorological Tables, 3d Revised 

ition, 1907. 


Air Temperatures, dry bulb, ° Centigrade. 
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Air Temperatures, dry bulb, ° Centigrade. 
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188 TABLE 190 (continued). 
RELATIVE HUMIDITY. 


Vapor Air Temperatures, dry bulb, ° Centigrade. 


Pressure. 
mm. 20° 21° 22° 23° 24° 25° 26° 27° 28° 29° 30° 31° 32° 33° 34° 35° 36° 37° 38° 
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SMITHSONIAN TABLES: 


Tastes 190 (concluded), 491. 189 
TABLE 190 (concluded).—Relative Humidity, 


(Data from 20° to 60° C. based upon Table 185). 


Air Temperatures, dry bulb, ° Centigrade. 
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TABLE 191.— Relative Humidity. 


This table gives the relative humidity direct from the difference between the reading of the dry (t©° C.) and the wet 
(t, °C.) thermometer. It is computed for a barometer reading of 76cm. The wet thermometer should be ventilated 
about 3 meters per second. From manuscript tables computed at the U.S. Weather Bureau. 


Depression of wet-bulb thermometer, t®-t,°. 


2.29 2.49 41.69 1.6 2.09 2.5° 3.0° 


SMITHSONJAN TABLES, 


TABLES 192-193. 


CORRECTION FOR TEMPERATURE OF EMERGENT MERCURIAL 
THERMOMETER THREAD. 


When the temperature of a portion of a thermometer stem with its mercury thread differs 
much from that of the bulb, a correction is necessary to the observed temperature unless the 
instrument has been calibrated for the experimental conditions. This stem correction is pro- 
portional to nB(T — t), where n is the number of degrees in the exposed stem, P the apparent 
coefficient of expansion of mercury in the glass, T the measured temperature, and ¢ the mean 
temperature of the exposed stem. For temperatures up to 100° C, the value of @ is for Jena 
16% or Greiner and Friedrich resistance glass, 0.000159, for Jena 59", 0.000164, and when of 
unknown composition it is best to use a value of about 0.c00155. The formula requires a knowl- 
edge of the temperature of the emergent stem. This may be approximated in one of three ways: 
(1) bya “fadenthermometer” (see Buckingham, Bulletin Bureau of Standards, 8, p. 239, 1912); 
(2) by exploring the temperature distribution of the stem and calculating its mean tempera- 
ture; and (3) by suspending along the side of, or attaching to the stem, a single thermometer. 
Table 192 is taken from the Smithsonian Meteorological Tables, Tables 193-195 from Rimbach, 
= f. Instrumentenkunde, 10, p. 153, 1890, and apply to thermometers of Jena or resistance 
glass. 


190 


TABLE 192.— Stem Correction for Centigrade Thermometers. 
Values of o.co0155n(T — 2). 
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TABLE 193.— Stem Correction for Thermometer of Jena Glass (0° to 360° C). 


Degree length 0.9 to 1.1 mm; ¢ = the observed temperature; ¢’ = that of the surrounding air 
1 dm. away; 2 = the length of the exposed thread. 


| 
| 


Correction to be added to the reading ?¢. f i 


70 80° go° 100° 120° 140° 160° 180° 200° 220 ° 
10° 0.0L | ©.0© | 0.03 } 0.04 | ©.07 | ©.Z0 |\/0:13) | Ont7 aiOunOMmImOueE 
20 ©.08 |} 0:52 |.0.14 | O.t9 |) 0.25 .| 0.28 | 10232) | (6. 4ON montane 
30 0.25 | 0.28 | 0.32 | 0.36 | 0.42 | 0.48 | 0.54 | 0.66 | 0.78 | 0.87 |i 
40 0.30 | 0735 | 0.44 | 0.48 |.0.60 | 0:67 | 0-77 | C1O2m| von nee 
50 0.41 | 0.46 | 0.52 | 0.59 | 0.79 | 0.89 | ©.98 | 1.10 oa ae 
60 0.52 | 0.60 | 0.68 | 0.79 | ©.99 | 1.mt | 2.23 | 05400) yon ees eee 
70 0.63.1 0.74 | 0.85 | 0.98 | 1.20 | £.32 | 1.45 | 1.700) ee 
80 0.75 | 0.87 | T.om | 2.15 | 1.38 | 3.53 |, 1.70 | 1.90) encom mom annE 
90 0:87 } 0.909 | 1.13 | 1.28 | 1.62) | 2.82 |) 1.04) |) 2.25 emnom memo 
hielo) ©.98 | 1.12 | Bs29 | 1.47 | 1.82 | 2.03 | 2.20) (eas Siero meme 
120 — = — 1.88 | 2.28 | 2.49 | 2.68 | 3°73 0) )se5oulmeango 
140 = — a — | 2.75 | 2.97 | 3-22 | 3-75 | 4.24 | 4.69 
160 ie =a = a — | 3-35 | 3-80 | 4.35 | 4-92 | 5-45 
180 — = == = = = 4.37 | 4.007) 5.036 Omer 
200 —_ = =s= = = == = 5-68 | 6.34 | 6.98 
220 = aa <= ar —= = = — 7-05 | 7.82 


} \ ' ' 


SMITHSONIAN TABLES 


TABLES 194, 195. IgI 


CORRECTION FOR TEMPERATURE OF MERCURY IN THERMOMETER 
STEM (continued). 


TABLE 194, — Stem Correction for Thermometer of Jena Glass (0°-360° ©). 


Degree length 1 to 1.6 mm.; ¢=the observed temperature; “that of the surrounding air 
one dm. away; =the length of the exposed thread 


CoRRECTION TO BE ADDED TO THERMOMETER READING.* 
t—w 
140° 


0.17 
0.38 
0.59 
0.52 


1.03 
1.25 


1.47 
1.71 


1.96 
2.18 
2.43 
2.69 


2.94 
3.22 


* See Hovestadt’s “‘ Jena Glass”’ (translated by J. D. and A. Everett) for data on changes of thermometer zeros. 


TABLE 195, —Stem Correction for a so-called Normal Thermometer of Jena Glass (0°-100° ©). 
Divided into tenth degrees; degree length about 4 mm. 


CoRRECTION TO BE ADDED TO THE READING é. 


 SwitHsonian Tastes. 


1902 TABLES 196-199, 


THERMOMETERS. 


TABLE 196,—Gas and Mercury Thermometers. 


If ¢u, “x, 4co2, ¢16, 269, 2r, are temperatures measured with the hydrogen, nitrogen, carbonic acid, 
16", sg", and “ verre dur” (Tonnelot), respectively, then 
(100 —2Z)¢ 


ta — tr = — oon [—- 0.61859 + 0.0047 351.4 — 0.000011 577.7]* 
tees cio eu [— 0.55541 + 0.0048240.t — 0,000024807 £2] * 
tooo— tr = fro [— 9.33386 + 0.0039910.¢ — 0.00001 6678.2? ]* 
tu — tig = too [— 0.67039 + 0.0047351.2 — 0.000011 577.27 ]f 
ta — 59 = (roo [— 0.31089 + 0.0047351.¢— 0.000011 577-07] 


* Chappuis; Trav. et Mém. du Bur. internat. des Poids et Mes. 6, 1388. 
+ Thiesen, Scheel, Sell; Wiss. Abh. d. Phys. Techn. Reichanstalt, 2, 1895; Scheel; Wied. Ann. 58, 1896; D. Mech. 


Ztg. 1897- 


TABLE 197. ti—ti, (Hydrogen—16"%), 


—.042°| —.047° 
—.084 | —.087 
—.109 | —.110 
—.11g | —.119 
—.118 | —.117 
—.107 | —.106 
—.o0go | —.087 
—.066 

—|:039 

—.009 


J 


—5° —10° —15° | —20° —25° —30° 


+0.04° | -+0.08° | +0.13° | -+-o.192 | -+-0.25° | +0.32° 
+o0.02° | +0.04° | -++0.079 | +o.10° | +o0.14° | +0.718° 


All compiled from Landolt-Bérnstein-Meyerhoffer’s Physikalisch-chemische Tabedlen. 
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TABLES 200, 203. 103 


AIR AND MERCURY THERMOMETERS. 


TABLE 200. tai—tis. (Air —161.) 


Note: See Circular 8. Bureau of Standards relative to use of thermometers and the various 
precautions and corrections, 


TABLE 201. tam—t». (Air—59™.) 


hasey ele ie. Ye A) eat 
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194 TABLES 202-204, 


GAS, MERCURY, ALCOHOL, TOLUOL, PETROLETHER, PENTANE, 
THERMOMETERS. 


TABLE 202. —t#—tu (Hydrogen-Mercury), 


Temper-| Thuringer| Verre dur. | Resistance English Choisy-le- Nitrogen CO, Ther- 


. Crystal ‘ Ther 
ture, C.] Glass.* lot. Gl * Ty * € mometer, mometer. 
ature, C ass Tonnelot.t ass Gl . Roi 7 Ty. T ee 


* Schlosser, Zt. Instrkde. 21, 1901. t Chappuis, Tray. et mém. du Bur. Intern. des Poids et Mes. 6, 1888. 


TABLE 203. — Comparison of Air and High Temperature Mercury Thermometers. 


Comparison of the air thermometer with the high temperature mercury thermometer, filled under 
pressure and made of 59" glass. 


Mahlke, Wied. Ann. 1894. 


TABLE 204. —Comparisou of Hydrogen and Other Thermometers. 


Comparison of the hydrogen thermometer with the toluol, alcohol, petrolether, and pentane ther 
mometers (verre dur). 


Hydrogen. Toluol.* Alcohol I.* Alcohol II.* Petrolether.t Pentane.¢ 


° 
0.00 
—8.54 
—16.90 
—25.10 
pares 0 
—41.0 
—48.90 
—§6.63 


} @e@ 


Be ibtis 
vd 
ron) 


fi 
9° 
ny 


* Chappuis, Arch. sc. phys. (3) 18, 1892. ¢t Holborn, Ann, d. Phys. (4) 6, 190%. + Rothe, unpublished, 
All compiled from Landolt-Bornstein-Meyerhoffer’s Physikalisch-chemische Tabellen, 
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TaBLes 205-207. 
TABLE 205.—Platinum Resistance Thermometers, 


195 


Callendar has shown that if we define the platinum temperature, pt, by pt = 1004 (R — Ro) 
/(Rio0o—Ro) }, where R is the observed resistance at t° C., Ro that at O°, Ryo9 at 100°, then the re- 
lation between the platinum temperature and the temperature t on the scale of the gas thermo- 
meter is represented by t — pt=6{ t/100 —1 }t/100 where @is a constant for any given sample 
of platinum and about 1.50 for pure platinum (impure platinum having higher values). This holds 
good between — 23° and 450° when 6 has been determined by the boiling point of sulphur (445°.) 

See Waidner and Burgess, Bul. Bureau Standards, 6, p. 149, 1909. Also Bureau reprints 124, 
143 and 149. 

TABLE 206,.—Thermodynamic Temperature of the Ice Point, and Reduction to 
Thermodynamic Scale. 


Mean = 273.1° C. (ice point). 


For a discussion of the various values and for the corrections of the various gas thermometers to 
the thermodynamic scale see Buckingham, Bull. Bureau Standards, 3, p. 237, 1907. 
Scale Corrections for Gas Thermometers. 


Constant pressure = 100 cm. Constant vol., po = 100 cm, to = O°C 


He 


+ 
° 
= 

WwW 


= 
ae 


+444 
+t++++1 | 1+ 
+444 | | 


See also Appendix, p. 438. 


TABLE 207,.—Standard Points for the Calibration of Thermometers, 


Temperatures. 
Substance. Point. Crucible. a 
Nitrogen Scale. |Thermodynamic, 


Water boiling, 760 mm. - 
Naphthalene “§ aay - 
Benzophenone g Saas - 
Cadmium melting or solidify. graphite 
Zinc oe “ “ 6s 
Sulphur boiling, 760 mm. = 
Antimony melting or solidify. graphite 
Aluminum solidification e 
Silver melting or solidify. 
Gold 6“ 6c “ 
Copper a “ “ : 
LigSiOg melting platinum 
Diopside, pure os ny 
Nickel melting or solidify. |H and N| magnesia and 
Mg. aluminate 
Cobalt magnesia 
Palladium ie 
Anorthite, pure platinum 
Platinum 


i 
: 


* Thermoelectric extrapolation. + Optical extrapolation. 
(Day and Sosman, Journal de Physique, 1912. Mesure des témperatures élevées.) A few additional points 
are: H, boils— 252.6°; O, boils — 182.7°; COs, sublimes — 78.5°; Hg. freezes — 38.87°; Alumina melts 2000°; 
Tungsten melts 3400. Quartz, a to 6 change, 573.3% + 1 


, 
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- 


TaBLEeS 208-209, ’ 


TABLE 208.—Standard Calibration Curve for Pt.—Pt. Rh. (10% Rh.) Thermo-Element. 
Giving the temperature for every 100 microvolts. For use in conjunction with a deviation curve determined by calix 
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bration of the particular element at some of the following fixed po:nts: 


Water boiling-pt. 100.0 643mv. Silver melting-pt, 60.2 IIImv. 
Naphthalene wee 217.95 Be Gold ee reba soe 
Tin melting-pt. 231.9 1706 Copper e big 1082.8 10534 
Benzophenone boiling-pt. 305.9 2365 Li, SiO, eo ne 1201. IIQ41 
Cadmium melting-pt. 320.9 2503 Diopside Gd os 1301.5 14230 
Zinc ss is 410.4 3430 Nickel ‘Out 1452.6 14973 
Sulphur boiling-pt. 444.55 3072 

Antimony melting-pt. 630.0 5530 Palladium & es 1540.5 16144 
Aluminum fs § 658.7 5827 Platinum ce f 1755. 18608 


° | 1000. | 2000. 
°. 0.0 147.1 265. 374.3 478.1 578.3 675.3 760.5 861.1 950.4 
Ioo. 17.8 150.7 276. 384.9 488.3 588.1 684.8 778.8 870.1 959.2 
200. 34.5 172.1 287.7 305-4 4098.4 597-9 694.3 788.0 870.1 968.0 
300. 50.3 184.3 208.7 405.9 508.5 607.7 703.8 797.2 888.1 976.7 
400. 65.4 196.3 300.7 416.3 518.6 617.4 713.3 806.4 897.1 985.4 
500. 80.0 208.1 320.6 426.7 528.6 627.1 722.7 815.6 906.1 904.1 
600. 04.1 210.7 331.5 437-1 538.6 636.8 732.1 824.7 915.0 1002.8 
700. 107.8 231.2 342.3 447.4 548.6 646.5 741.5 833.8 023.9 IOII.5 
800. 121.2 242.7 353-0 457-7 558.5 656.1 750.9 842.9 932.8 1020.1 
goo. 134.3 254.1 363.7 467.9 568.4 665.7 | ‘760.2 852.0 941.6 1028.7 
Io00. 147.1 265.4 374.3 478.1 578.3 675.3 769.5 861.1 950.4 1037.3 
E 10000. II000. | 12000. | 13000. | 14000. 15000. | I6n00. | 17000. | 18000. 
micro- 
TEMPERATURES, °C. 
; 1289.3 1372.4 1454.8 
100. 1045.9 1130.6 1214.2 1207.7 1380.7 1463.0 
200. 1054.4 1139.0 1222.6 1306.0 1389.0 1471.2 
300. 1062.9 1147.4 1230.9 1314.3 1307.3 1479.4 
400. 1071.4 1155.3 1230.3 1322.6 1405.6 1487.7 
500. 1079.9 1164.2 1247.6 1330.9 1413.8 1496.0 
600. 1088.4 1172.5 1255.9 1330.2 1422,0 1504.3 
700. 1096.9 1180.9 1264.3 1347.5 1430.2 1512.60 
800. II05.4 1189.2 1272.6 1355.8 1438.4 1520.9 
goo. 1113.8 1197.6 1281.0 1364.1 1446.6 1520.2 
1000. 1122.2 1205.9 1289.3 1372.4 1454.8 1537-5 
TABLE 209.—Standard Calibration Curve for Copper — Constantan Thermo-Element. 


For use in conjunction with a deviation curve determined by the calibration of the particular clement at some of the 
following fixed points: : re j ; F 

Water, boiling-point, 100°, 4276 microvolts; Naphthalene, boiling-point, 217.95, 10248 mv.; Tin, melting-point, 231.9, 
11009 mv.; Benzophenone, boiling-point, 305.9, 15203 mv.; Cadmium, melting-point, 320.9, 16083 mv. 


0.00 
2.60 
5.17 
7-73 

10.28 

12.81 

15-33 

17.83 

20.32 

22.80 

25.27 


25.27 
27.72 
30.15 
32.57 
34.98 
37-38 
39-77 
42.15 
44.51 
40.86 
49.20 


51.53 
53.85 
56.10 
58.46 
60.76 
63.04 
65.31 
67.58 
69.83 
72.08 


3000. | 4000. | 5000. | 6000. 


72.08 
74-31 
76.54 
78.76 
80.97 
83.17 
85.37 
87.56 
89.74 
QT.Q1r 
94.07 


TEMPERATURES, 


04.07 
96.23 
98.38 

100.52 

102.66 

104.79 

106.91 

109.02 

IIl.12 

113.22 

115.31 


115.31 
117.40 
119.48 
121.56 
123.63 
125.69 
127.75 
129.80 
131.84 
133.88 
135.91 


Or 


I35.O1 
137.04 
139.96 
141.98 
143-99 
146.00 
148.00 
150.00 
151.99 
153-97 
155.95 


7000. 


155-95 
157.92 
159.89 
161.86 
163.82 
165.78 
167.73 
169.68 
171.62 
173.56 
175.50 


175.50 
177-43 
179.36 
181.28 
183.20 
185.11 
187.02 
188.03 
190.83 
192.73 
194.62 


10000. | 11000. | 12000. | 13000. | 14000. | 15000. | 16000. | 17000. | 18000. 


| 8000. | 9000. 


194.62 
196.51 
198.40 
200.28 
202.16 
204.04 
205.91 
207.78 
200.64 
211.50 
213.36 


TEMPERATURES, °C. 


213.36 
215.21 
217.06 
218.91 
220.75 
222.50 
224.43 
226,26 
228.00 
229.92 
231.74 


Cf. Day and Sosman, Am. Jour. Sci. 29, p. 93, 32, PD. 51, ; #bid. R. B. Sosman, 30, p. I. 


249.82 
251.61 
253-40 
255.18 
256.96 
258.74 
260.52 
262.29 
264.06 
265.83 
267.60 
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267.60 
269.36 
271.12 
272.88 
274.64 
276.40 
278.15 
2709.90 
281.65 
283.30 
285.13 


285.13 
286.87 
288.61 
200.35 
292.08 
203.81 
205.54 
297.26 
2098.98 
300.70 
302.42 


302.42 
304.14 
305.85 
307.50 
300.27 
310.98 
312.69 
314.39 
316.00 
317-79 
319.49 


336.36 
338.04 
339-72 
341.40 
343.07 
344.74 
340.41 
348.08 
349.75 
351.42 
353-00 


TaBLes 210-213. 197 
“MECHANICAL EQUIVALENT OF HEAT. 
TABLE 210.—Summary of Older Work. 


Taken from J. S. Ames, L’équivalent mécanique de la chaleur, Rapports présentés au congrés 
international du physique, Paris, 1900. 
Reduced to Gram-calorie at 20° C. (Nitrogen thermometer). 


* 
Joules a. cer sep ays nd LOO) TO! ergs. 4.169 X Io! ergs. 
Rowlandi is, <0 = |) 4-191 es AIST. 4 Seehers, 
Griffithsy) 2) is 4.192 4.184 


Schuster-Gannon | 4.189 4.181 
Callendar-Barnes | 4.186 4.178 


* Admitting an error of 1 part per 1000 in the electrical scale. 
The mean of the last four then gives 
1 gram (20° C) oalorle—=4.181 X 10’ ergs. See next table. 
x gram (15° C.) calorie = 4.185 X 107 ergs assuming sp. ht. of water at 20° = 0.9990. 


' TABLE 211.—(1923.) Best Value, Electrical and Mechanical Equivalents of Heat. 


The following values have been adopted for the International Critical Tables, prepared under 
the auspices of the International Research Council, 1923. 


g (20° C) calorie = 4.180 international electrical joules 
= 4.181 X 107 ergs 
g (15° C) calorie = 4.185 X 107 ergs 
The equivalance, 1 20° calorie = 4.183 joules, is so widely used it has been thought best to retain 
the following table computed with it as a basis: 


TABLE 212 — Conversion Factors for Units of Work. 


Kilogram- 20° British ther- Kilowatt- 


oules. t-pounds. i . 
Joules Foot-pounds meters. Calories. | mal units. hours. 


0.7376f | 0.1020f | 0.2391 | 0.0009486 | 0.2778 X 10-8 
T3507 I 0.1383 0.3241* | 0.001 286* | 0.3767 X 10-6* 
9.807* 7.234 I 2.345* | 0.009302" | 2.724 X 10-8* 
4.183 3.085, 0.4267 I 0.003965 | 1.162% 10-8 


PMPOUUe se Lor. 

t Foot-pound . 

1 Kilogram-meter 

I 20° Calorie . 

1 British thermal 
Tai. ee ae 

t Kilowatt-hour . 


Tosa. || 77-7650 107.57 251.9 I 0.00029 28 
3 600 000. | 2 655 000.7 | 367 200.} | 860 800. 3415. I 


The value used for g is the standard value, c80.665 cm. per sec. per sec. = 32.174 feet per sec. per sec. 
* The values thus marked vary directly with “ g.” 
+ The values thus marked vary inversely with “g.” For values of ‘‘g”’ see Tables 565-567. 


- TABLE 218.—Value of the English and American Horsepower (746 watts) in Local Foot-pounds 
d and Kilogram-meters per Second at Various Altitudes and Latitudes. 


Kilogram-meters per second. | Foot-pounds per second. | 


Latitude. Latitude. 


0 30° | 45° 60° | 90° | 0° | 30° Ase 60° 90° 


— 


76.275 | 76.175 | 76.074| 75.973 | 75-873| 551.70| 550.97] 550.24|549.52| 548.79 
76.297 | 76.197 | 76.095 | 75-995 | 75-895| 551-86| 551.13] 550.41 | 549.68] 548.95 
76.320| 76.220} 76.119| 76.018 75.918 | 552.03 551.30| 550.57] 549.85 | 549 12 
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198 TABLE 214. 
MELTING POINTS OF THE CHEMICAL ELEMENTS. 

The metals in heavier type are often used as standards. 

The melting points are reduced as far as possible to a common (thermodynamic) temperature 
scale. This scale is defined in terms of Wien’s law, with C2 taken as 14,350, and on which the 
melting point of platinum is 1755° C (Nernst and Wartenburg, 1751; Waidner and Burgess, 
1753; Day and Sosman, 1755; Holborn and Valentiner, 1770; see C. R. 148, p. 1177, 1909). 
Above 1100° C, the temperatures are expressed to the nearest 5° C. Temperatures above the 
platinum point may be uncertain by over 50° C. 


Melting Melting 
Element. A Remarks. Element. poi s Remarks. 
°° 


Most samples Manganese. . 1230 |Burgess-Waltenberg. 
give 657 or less || Mercury....} —38.87 
(Burgess). Molybdenum| 2535 |Mendenhall-Forsythe 
Neodymium. 840? (Muthmann-Weiss.) 
—253? 
Ramisay-Travers.|| Nickel..... ; 1452 Day, Sosman, Bur- 
Arsenic.... gess, Waltenberg. 
Barium... 5 (Guntz.) Niobium....} 1700? 
Beryllium. . Nitrogen.... —211  |(Fischer-Alt.) 
Adjusted. Osmium. ...|About 2700](Waidner-Burgess, 
unpublished.) 
2200-2500? 
Bromine...| —7.3 Palladium. .| 1549 = 5 |(Waidner-Burgess, 
Cadmium..}| 320.9 |Range: 320.7- Nernst-Wartenburg, 
320.9 Day and Sosman.) 
Cesium... . 26 Range: 26.37- 
25.3 Phosphorus... 44.2 
Calcium... 810 —_—‘|Adjusted. Platinum...| 1755 + 5 |See Note. 
Carbon....} (>3500) |Sublimes. Potassium... 62.3 
Cerium.... 640 Praseodymium. 940 (Muthmann-Weiss.) 
Chlorine...} —1o1.5 |(Olszewski.) Radium..... 
Rhodium.... (Mendenhall-Inger- 
Chromium. 1615 |Burgess-Walten- soll.) 
berg. Rubidium... 
Cobalt....| 1480 |Burgess-Walten- |] Ruthenium.. 
berg. Samarium.. .| 1300-1400 |(Muthmann-Weiss.) 
Scandium... ? 
Copper... .} 1083 + 3 |Mean, Holborn- 217-220 
Day, Day- 1420 ~=—| Adjusted. 
Clement. i 960.5  |Adjusted. 
Erbium.... i 97-5 
Fluorine...} —223 |(Moissan-Dew- Strontium... Between Ca and Ba? 
ar.) S; 112.8]/Various Forms. See 
Sulphur.....] 4 Siz 119.2} Landolt-Bérnstein. 
Siz 106.8 
Gallium... 
Germanium Tantalum... 2900 ~=— |Adjusted from Waid- 
Adjusted. ner-Burgess = 2910. 


Hydrogen. . Tellurium... 452 |Adjusted. 
Indiumi<.. (Thiel.) Thallium... . 302 
i Range: 112-115.|| Thorium....| >1700 |v. Wartenburg. 
<Mo 
231.9 + .2 
Titanium... 1795  |Burgess-Waltenberg. 
ee Tungsten... 3400 ~=—«| Adjusted. 
erg. 
Krypton... 9 |(Ramsay.) 
Lanthanum| 810? |(Muthmann- Uranium....} <1850 »|Moissan. 
Weiss.) Vanadium... 1720 ~|Burgess-Waltenberg. 
327 + 0.5 aX -—140 |Ramsay. 


' 1490 

Lithium... 186 (Kahlbaum.) 419.4 

Magnesium 651 (Grube) in clay|| Zirconium...| 1700? 
crucibles, 635. 


Troost. 
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TABLE 215. 


199 


BOILING-POINTS OF THE CHEMICAL ELEMENTS. 


Element. 


Aluminum 
Antimony 
Argon 
Arsenic 

46 


&% 


Barium 
Bismuth 
Boron 
Bromine 
Cadmium 
Cesium 
Carbon 

5 


Chlorine 
Chromium 
Copper 
Fluorine 
Helium 
Hydrogen 
lodine 
Iron 
Krypton 
Lead 
Lithium 
Magnesium 
Manganese 
Mercury 
Molybdenum 
Neon 
Nitrogen 
Oxygen 
Ozone 
Phosphorus 
Platinum 
Potassium 
Rubidium 
Selenium 
Silver 
Sodium 
Sulphur 
Tellurium 
Thallium 


449-450 


280-310 


1420-1435 
59-63 


2100-2310 
252.5-252.8 


(ele hot Tie ee 


182.5-182-9 
CES 
667-7 57 
664-694 


742-757 


916-942 


Boiling- 
point, 
ae 


° 


1800. 
1440. 


—186.1 


>360. 


1430. 


Orer 


778. 
670. 


Observer; Remarks. 


Greenwood, Ch. News, 100, 1909. 


Ramsay-Travers, Z. Phys. Ch. 38, 1gor. 

Gray, sublimes, Conechy. 

Black, sublimes, Engel, C. R. 96. 1883. 

Yellow, sublimes. 

Boils in vacuo, Guntz, 1903. 

Barus, 1894; Greenwood, I. c. 

Volatilizes without melting in electric arc. 

Thorpe, 1880; van der Plaats, 1886. 

Berthelot, 1902. 

Ruff-Johannsen. 

Conputed, Violle, C. R. 120, 1895. 

Volatilizes without melting in electric oven. 
Moisson. 

Regnault, 1863. 

Greenwood, Ch. News, 100, 1909. 


Wee: 
Moisson-Dewar, C. R. 136, 1903. 
Computed, Tracers Ch. News, 86, 1902. 
ean. 


Greenwood, I. c. 

Ramsay, Ch. News, 87, 1903. 
Greenwood, l. c. 

Ruff-Johannsen, Ch. Ber. 38, 1905. 
Greenwood, | c. 


Crafts; Regnault. 

Langmuir, Mackay, Phys. Rev. 1914. 
Dewar, IQOI. 

Mean. 


Troost. C. R. 126, 1808. 


Langmuir, Mackay, Phys. Rev. 1914. 
Perman; Ruff-Johannsen. 
Ruff-Johannsen. 


Greenwood, I. c, 

Perman; Ruff-Johannsen. 

Mean. 

Deville-Troost, C. R. 91, 1880. 

v. Wartenberg, 25 Anorg. Ch. 56, 1908. 
Greenwood, l.c. 

Langmuir. Phys. Rev. 1913. 

Ramsay, Z. Phys, Ch. 44, 1903. 
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200 TABLES 216-218. 
TABLE 216.— Effect of Pressure on Melting Point. 


Melting point experimental dt/dp 
at 1 kg/sq. cm pressure: at 1 kg/sq. cm. 
kg/sq. cm 


Highest At (observed) | 
for 


Substance. Reference 


1000 kg/sq. cm 


WwwwhPPh HH 


* At (observed) for 10,000 kg/sq. cm is 50.8°. 

{Na melts at 177.5° at 12,000 kg/cm?; K at 179.6°; Bi at 218.3°; Pb at 644°. Luckey 
obtains melting point for tungsten as follows: 1atme, 3623° K; 8, 3594; 18, 3572; 28, 3564. 
Phys. Rev. 1917. 

References: (1) P. W. Bridgman, Proc. Am. Acad. 47, pp. 391-96, 416-19, 1911; (2) G. 
Tammann, Kristallisieren und Schmelzen, Leipzig, 1903, pp. 98-99; (3) J. Johnston and 
L. H. Adams, Am. J. Sci. 31, p. 516, 1911; (4) P. W. Bridgman, Phys. Rev. 6, 1, 1915. 

A large number of organic substances, selected on account of their low melting points, have 
also been investigated: by Tammann, Joc. cit.; G. A. Hulett, Z. physik. Chem. 28, p. 629, 1899; 
F. K6rber, ibid., 82, p. 45, 1913; E. A. Block, ibid., 82, p. 403, 1913; Bridgman, Phys. Rev. 3, 
126, 1914; Pr. Am. Acad. 51,55, 1915; 51, 581, 1916; 52, 57,1916; 52,91, 1916. ‘The results 
for water are given in the following table. 


TABLE 217. — Effect of Pressure on the Freezing Point of Water (Bridgman”*). 


Pressure: t 


ke/ee. en Freezing point. Phases in Equilibrium. 


Ice I — liquid. 

Ice I — liquid. 

Ice I — liquid. 

Ice I — ice III — liquid (triple point). 
Ice III — liquid. 

Ice III — ice V — liquid (triple point). 
Ice V — liquid. 

Ice V — liquid. 

Ice V — ice VI — liquid (triple point). 
Ice VI — liquid. 

Ice VI — liquid. 

Ice VI — liquid. 

Ice VI — liquid. 


* P, W. Bridgman, Proc. Am. Acad. 47, pp. 441-558, 1912. 
{1 atm. = 1.033 kg/sq. cm. 


TABLE 218.— Effect of Pressure on Boiling Point. * 


| 
Pressure. =C } Metal. Pressure, Metal. Pressure. 
i 


10.2 cm Hg. | 1200 26.3 cm Hg. 20.6 cm Hg. 
25.7 cm Hg. | 1310 10.0 cm Hg. 6.3 atme. 
6.3 atme. 1740 25.7 cm Hg. 11.7 atme. 
I1.7 atme. 1950 10.1 cm Hg. 11.7 atme. 
16.5 atme. 2060 26.2 cm Hg. 21.5 atme. 
10.3 cm Hg. | 1660 10.5 cm Hg. 53.0 atme. 


* Greenwood, Pr. Roy. Soc., p. 483, 1910, 
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TABLE 219. 201 
DENSITIES AND MELTING AND BOILING POINTS OF INORGANIC COMPOUNDS. 


=t 


Density,| Melting 
Substance. Chemical formula. 


Authority. 


AICI 
Al(NOs)3 + 9H2O 
203 
NH; 
NH,NO; 
sulphate... (NH4)2SOq 
a phosphite. . NH,H2PO; 
Antimony trichloride. . . SbCl; 
7s pentachloride SbCl; 
Arsenic trichloride AsCl, 
Arsenic hydride AsHs3 
Barium chloride BaCly 
+ . nitrate 
“  perchlorate.... 
Bismuth trichloride... . 


Boric acid 
“cc 


Borax (sodium borate).. 
Cadmium chloride 2 
of Cd(NOs)2 + 4H,0 
Calcium chloride CaCl, 
He CaCl, + 6H,O 
Ca(NOs)> 
Ca(NOs)2 + 4H:O0 
CaO 


Carbon tetrachloride... 


disulphide CS. 
Chloric(per) acid HClO; + H.O 
Chlorine dioxide ClO, 
Chrome alum KCr(SOx)2 + 12H2O 
a j Cro(NOs3)¢ + 18H,O 


Cobalt sulphate 
Cupric chloride 
Cuprous chloride 
Cupric nitrate 
Hydrobromic acid 
Hydrochloric acid 
Hydrofluoric acid 
Hydriodic acid 
Hydrogen peroxide 
et phosphide. . 
sulphide 
Iron chloride 
nitrate Fe(NOs)3 + 9H20 
“ sulphate.....;....] FeSQs + 7H.O 
Lead chloride b 
‘‘ metaphosphate. . 
Magnesium chloride.... 


5 | 
NIW Db No) 


HH 
Cnr D 


“ce 


Ow Ire cen 


Cro 0 0 


to 


8 
Mg(NO3)2 + 6H2O 
sulphate...| MgSO, + 5H,O 
Manganese chloride....]| MnCl, + 4H,O 
F Mn(NOs)2 + 6H:0 
As phate,...| MnSO,+ 5H,0 
Mercurous chloride... .. Heg2Cl, 
Mercuric chloride 


Lal 
longs) 


H 
ion) 


OAT NAD FH HWD 
td \O 


I 
7 

14 |f 
23 
6 
9 
4 
23 
6 
on 
2 
9 
2 
17 
17 
20 
2 
19 
2 


(x) Friedel and Crafts; (2) Ordway; (3) Faraday; (4) Marchand; (5) Amat; (6) Olszweski; (7) Gibbs; 
(8) Baskerville; (9) Carnelly; (10) Carnelly and O’Shea; (11) Ruff; (13) Wroblewski and Olszewski; (14) Anschiitz; 
(15) Roseoe; (16) Tilden; (17) Ladenburg; (18) Staedel; (19) Clarke, Const. of Nature; (20) Bruhl; 
(21) Schacherl; (22) Tammann; (23) Thorpe; (24) Ramsay; (25) Lorenz; (26) Morgan; (27) Day; 
(28) Kanolt. * Decomposes, 
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202 TABLE 219 (continued). 
DENSITIES AND MELTING AND BOILING POINTS OF INORGANIC COMPOUNDS. 


iDenuiey, Melting 
Substance. Chemical formula. | about ia 


Authority. 
Authority 


NiC,O, 
Ni(NOs3)> ag 6H,0 


ee NisO.. + 7H,0 
Nitric acid H 
“anhydride 
oxide * 
peroxide 
Nitrous anhydride 


Phosphoric acid (ortho). 
Phosphorous acid 
Phosphorus trichloride... 
“* oxychloride . . 
disulphide... . 
pentasulphide 
rece 
pee hs 
Potassium carbonate. 
chlorate 
chromate . 
cyanide 
perchlorate . 
chloride 
nitrate 
acid phosphate 
acid sulphate. . 
Silver chloride 
nitrate 
perchlorate 
phosphate 
metaphosphate.. . 
sulphate 
Sodi um chloride 


LTT IS tT ellac&l ls | 


is) 
mn 


perchlorate... 
carbonate 
carbonate Na.CO; + 10H2O 
phosphate Na,HPO, + 12H:O 
metaphosphate. NaPO; 
pyrophosphate . NagP20; 
phosphite (H.2NaPOs)2 +5H2O 
sulphate aoSO4 
sulphate Na2SO,4 + 10H,0 
hyposulphite...| NasS203 + 5H2O 
Sulphur dioxide SO2 
Sulphuric acid H.SO, 
12H.SO, + H.O 
i H.SO, + H.O 
43 acid (pyro)... H.S,07 
Sulphur trioxide SO 
Tin, stannic chloride... 
‘« stannous chloride. . 
Zinc chloride 
‘* chloride 
3 i Zn(NOs)2 + 6H:O 
3 ZnSO, + 7H.O 


References: (1) Mond, Langer, Quincke; (2) Ordway; (3) lets (4) Erdmann; (5) R. Weber; (6) Glazewakat 
(7) Birhaus; (8) Ramsay; (9) Deville; (10) Wroblewski; (11) Day, Sosman, White; (12) Ramme; (13) Meyer; 
(14) Lemoine; (15) Carnelly; (16) Mitscherlich; (17) LeChatelier; (18) Carnelly, O’Shea; (19) Thorpe; (20) Amat; 
(21) Mendelejeff; (22) Marignac; (23) Besson; (24) Clarke, Const. of Nature; (25) Isambert; (26) Mylius; 
(27) Hevesy; (28) Retgers; (29) Griinauer; (30) Richards and others. 

* Under pressure 138 mm mercury. t Decomposes. 
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j TABLE 220. 203 


DENSITIES, MELTING-POINTS, AND BOILING-POINTS OF SOME 
ORGANIC COMPOUNDS. 


N.B.— The data in this table refer only to normal compounds. 


| 
Den- | Melting- 


Substance. Formula sity, point 


Boiling-point. Authority. 


Methane* .. .| CH, ntOs . Olszewski, Young. 
Ethanet. . CoHe | .446 . é Ladenburg, “ 
Propane. 9. |. ..| Cals “530 . : Young, Hainlen. 
Butane . .| CyHyo = : Butlerow, Young. 
Pentane). . .. «| CsHy2 pe ; L Thorpe, Young. 
Hexane . 5 GHGs : -663 4 I Schorlemmer. 
fleptane. . ~. »| C7His 701 ; , Thorpe, Young. 
Mctanes. . . »|.CsHig 719 “ “&s 
Nonane. . - | CaH20 e788 : : Krafft. 
Decane . . . .| CyoHee : 745 ss 
Undecane .. .| CyHoa .750 
Dodecane . . .| Cyallog 705 
Tridecane . . | CigHe8 7d 
Tetradecane . .| Cy4Hs30 : Sis 
Pentadecane . .| Cy5H3e : 776 
Hexadecane . .| CygH34 ‘ Shas 
Heptadecane . .| Ci7Hg¢ , hii 
Octadecane . .| CigHgg : Gira 
Nonadecane . .| Ci9H40 : 777 
Hicosane. . . . Coot ae . 778 
Heneicosane . .| CoiHa4 i 778 
Docosane . . .| CooHae : 778 
Tricosane . . .| CosHa4g : 779 
Tetracosane . .| CogHs50 ‘ 779 
|| Heptacosane . .| Co7Hs56 i -780 
Pentriacontane .| C3,;He4 : .781 
Dicety] we sk ove CzoH 66 : 781 bh 
Penta-tria-contane | C35H72 : -782 ; Sigiliett 


(b) Olefines, or the Ethylene Series: C,,H,, 


Bithylene i. °°. p ; : ; Wroblewski er Olszewski. 
IEropylene’. = . : Ladenburg, Kriigel. 
Butylene. . . ee : Sieben. 
Amylene Wagner or Saytzeff. 
Hexylene . Wreden or Znatowicz. 
Heptylene . Morgan or Schorlemmer. 
Octylene. Moslinger. 
Nonylene Beilstein, “Org. Chem.” 
Decylene ch % ss 
Undecylene 
Dodecylene 
| Fridecylene 
Tetradecylene . 
Pentadecylene . 
Hexadecylene . 
Octadecylene . 
jj] Eicosylene . 
{|} Cerotene . 
Mielene . . . 


“ 


6 


Bernthsen. 

Krafft. 

Bernthsen. 

Krafft, Mendelejeff, etc. 
Krafft. 

Beilstein, “ Org. Chem.” 
Bernthsen. 


“ec 


| 
WwW 
oe 


| 
ul 
S 


aa 


Ow 
wo 


_; * Liquid at —tr. 5 C. and we atmospheres’ pressure (Cailletet). 


pe t Boiling-point ace 15 ane pressure. 
In vacuo. 
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204 TABLE 220 (continued). 


DENSITIES, MELTINC-POINTS, AND BOILINC-POINTS OF SOME 
ORCANIC COMPOUNDS. 


ee ———————————— | 
Boiling- 
point. 


Chemical 


Specific 
formula. 


gravity. 


Temp. 


cy. 


Melting- 


Substance. pend 


Authority. 


Z (c) Acetylene Series: C,H,,.. 
Acetylene eins CoHe —80. | 613 |—81.8 | —83.6 | Villard. 
Milvicne =" a1 mends: Cs3H4 os FA ieee he 
Ethylacetylene . . .| CgHe v - |—130.] +8. Bruylants, Kutsche- 

roff, and others. 

Propylacetylene. . . CsHes ~ - - 48.-50. Bruylants, Taworski. 
Butylacetylene . . . CeHio - - - 68.-70. | Taworski. 
Oenanthylidene. . . C7Hyy - - - 100.-101.| Beilstein, and oth- 


ers. 


Caprylidene se) sree a) Calana ° 0.771 ~ 133.-134. | Behal. 
Undecylidene. . . .| Cy,Ha0 - - - 210-215. | Bruylants. 
Dodecylidene . . .| CyoHoe —9. 810 | —9. 105.* | Krafft. 
Tetradecylidene. . .| CygHog | +6.5 | .806 | + 6.5 134.* sf 
Hexadecylidene. . .| CygH30 20. .804 20. 160.* se 
Octadecylidene . . .| CysHa4 30. .802 30. 184.* s 


(a) Monatomic alcohols: C,,H,,,1 ,OH. 


Me.hyl alcohol . . .| CHs0H Oo. 0.812 | —94.9 64.6 

Etiyl alcohol. . , «| CoH;OH O. 806 | —114.2 78.3 

Propyl alcohol . . .| CsH;OH oO. {ot7 || 97. From Zander, “ Lieb. 

Butyl alcohol. . . .| C4H9OH o. 823 | —So. | 197. Ann.” vol. 224, p. 85, 

Amyl alcohol... « «|(CsHj,;OHi oO. 829 - 138. and Krafft, “ Ber.” 

Hexyl alcohol . . .| CgHig0H oO. 833 = 155: vol. 16, 1714, 

Heptyl alcohol . . .| C7Hy;0H O. 830.) —36. 176. “« 49,2235 

Octyl alcohol. . . .| CgHi;,OH oO. 839 | —18. 195. "123; 230s 

Nonylalcohol . . .| CgHigO0H O. 842 | — 5. 213. and also Wroblew- 

Decyl alcohol . . .|Cy9H210H} + 7. 839 | +7. 231. ski and Olszewski, 

Dodecyl alcohol. . .|Ciy2H2;0H 24. 831 24. 143.* “ Monatshefte,” 

Tetradecyl alcohol . .|Ci4HggOH] 38. 824 38. 167.* vol. 4, p. 338. 

Hexadecyl alcohol . . CigHsg0H| 50. 818 50. 190.* 

Octadecyl alcohol . .|CigH37O0H]} 59. 813 50: 211.* 

(e) Alcoholic ethers: C,,H,,,4,0. 

Dimethyl ether . . .| CgHeO - - - — 23.6 | Erlenmeyer, Kreich- 
baumer. 

Diethyl ether. . . .| C4Hy00 4. | 0.731 | — 117] + 34.6 | Regnault, Olszewski. 

Dipropylether . . .| CeHwO O. 763 = 90.7. | Zander and others. 

Di-iso-propyl ether. .| CgH 40 oO. 743 - 69. bs 

Di-n-butyl ether. . .| CgHig0 fo) -784 - I4I. Lieben Rossi, and 
others. 

Di-sec-butyl ether . .| CgHisO 21. 756 - Wi. Kessel. 

Di-iso-butyl “ stl) CsyHysO 15. -762 - 122. Reboul. 

Di-iso-amyl “ ~ «| CyoHa20 O. -799 - 170.-175.| Wurtz. 

Di-sec-hexyl “ - .| Cy2HeeO - - - 203.-208. | Erlenmeyer and 
Wanklyn. 

Di-norm-octyl “ . .| CigH34O0 17: 805 - 280.—282. | Moslinger. 


Ethyl- methyl ether . .| CsHgO O°. 0.725 - II. Wurtz, Williamson. 

propyl - -| C5Hi20 20 0.7 39 - 63.-64. | Chancel, Briihl. 

« iso-propyl ether .| C5Hw20 oO. -745 - 54. Markownikow. 

“ norm-butyl ether | CegHi40 fo) -709 - g2. Lieben, Rossi. 

“ jso-butyl ether .| CgH140 - 751 - 78.-80. | Wurtz. 

“ jso-amylether .}| C7Hi¢O 18 704 - 112. | Williamson and 

others. 

“ norm-hexyl ether | CgH sO - - - 134.-137. | Lieben, Janeczek. 

“ norm-heptyl ether | Cg9H200 16. .790 - 165. | Cross. 

“  norm-octyl ether | Cy9H220 182.-184. | Moslinger. 


* Boiling-point under 15 mm. pressure. 
+ Liquid at —11.° C. and 180 atmospheres’ pressure (Cailletet). 
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~ TABLE 220 (concluded). 20 5 
DENSITIES AND MELTING AND BOILING POINTS OF SOME ORGANIC COMPOUNDS. 


(g) MISCELLANEOUS. 


— 


Density and Melting 


Chemical formula. temperature. point C 


CH;COOH 

CH;COCH; 
Aldehyde CHO 
Aniline C.sH;NH2 


115 

812 

806 

038 

96 + 

293 : ; 

879 : : Richards 
Melero) : : Holborn- 
Henning 


Benzoic acid C;H,O2 
Benzene CeHe 
Benzophenone.. . *(C6Hs)2CO 


HOHOH OOH 


Butter .86-7 


-99 
.060 
. 292 


Ci90Hi5O 
Carbolic acid.... C,;H;OH 
Carbon bisulphide CS2 
“«  tetrachlor- 
CCl 


Chlorbenzene.... C.H;Cl 
Chloroform CHCl; 
Cyanogen C.Ne 
Ethyl bromide... C.H;Br 
oe chloride. S20 C.H;Cl 
CHO 
C.H;I 
HCOOH 


CHO(HCOH),CH,0H 
C;Hs03 


CHI; 


Methyl chloride. . CH;Cl 
Methyl iodide.... CH;I 
N aphthalene eters C,H: CyHy, 


HHOO 


A 


. 582 


eS & 


Te 
oO. 
O. 
i 
Te 
O°. 
Te 
Te 
4. 


2 


Holborn- 
Henning 


Lan) 


Nitrobenzene ... . C.>H;O.N 
Nitroglycerine... C3H;N30, 


Olive oil 
CoH»O, C 2H;0 
| Paraffin wax, soft. 350-390 
3 “hard 390-430 
Pyrogallol C>H;(OH)s3 
Spermaceti 
CHO; 


Ci2H22011 
(CisH3502)3C3Hs 


203- 


Tallow, beef 
Ss eeeIMutton 4. 
shartanic acid... . CyH.Os 
i C;>H;CH3 
C.H4(CHs)e2 
) C>eH4(CHs)2 
ee Ce6H4(CHs)2 


Richards 
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206 TABLES 221-223. MELTINC-POINTS. 
TABLE 221. — Melting-point of Mixtures. 


Melting-points, C°. 


Metals. Percentage of metal in second column. 


Reference. 


1 Means, Landolt-Bérnstein-Roth Tabellen. II Heycock and Neville, J. Chem. Soc. 71, 1897. 

2 Friedrich-Leroux, Metal. 4, 1907. 12 ss Phil. Trans. 202A, 1, 1903 

3 Gwyer, Zs. Anorg. Ch. 57, 1908. 13 Kurnakow, Z. Anorg. Chem. 23, 439, 1900. 

4 Means, L.-B.-R. Tabellen. 4 ie ae 86, 1902. 

5 Roberts-Austen Chem. News, 87, 2, 1903. « Seine » 109, 1902. 

6 Shepherd J. ph. ch. 8, rq04. ie Roland-Gosselin, Bul. Sex. a encour, & x 1896. 

7 Kapp, Diss., Kénigsberg, 1gof. 17 Gautier, oe “e 

8 Ay ang Gilson, Trans. Am. Inst. Min. Eng. Nov. 18 Le SA ay s (3 10, 573, 
1895 

9 Heycock and Neville, Phil. Trans. 189A, 1897. 19 Reinders, Z. Anorg. Chem. 25, 113, 1896. 

10 * 194A, 201, 1900. 20 Erhard and Schertel, Jahrb. Berg-u. Hiittenw. 


Sachsen. 1879, 17. 
TABLE 222. — Alloy of Lead, Tin, and Bismuth. 


Per cent. 


33-3 10.7 
Se iand 33-3 235% 
Bismuth. . . . : i A 33-3 66.2 


Solidification at 145° | 148° 


Charpy, Soc. d’Encours, Paris, rgor. 


TABLE 223.— Low Melting-point Alloy. 


Per cent. 


Tak 6.7 
° . : 39-7 | 43-4 
Bismuth . . . 5 5 52. ; A 53-2 | 49.9 


Solidification at é ; 68.5° | 68.5° | 76.59 | 89.5° 


Drewitz, Diss. Rostock, 1902. 
All compiled from Landolt-Boérnstein-Meyerhoffer’s Physikalisch-chemische Tabellen, 
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| CaSi03,SiOg 


TABLE 224. 
TRANSFORMATION AND MELTING TEMPERATURES OF LIME-ALUMINA- 


SILICA COMPOUNDS A 


The majority of these determinations are by G. A. Rankin. 


Substance. % CaO Al,O3 


CaSiOg 
CaSiOg 
CagSiO4 

“ 

“ Fi 
CagSigO, . 
CagSiO; 


CagAloOg . 
CasAlgOi4 
CaAl2O4 . 
Cag AlyoO4g 
AlgSiOs < 
CaAleSigOg . 
CagAlgSiO7z . 
CagAlgSiOg . 


WWW ON Au 
OT ANAL RS 
On ACH An C 


EUTECTICS., 


Be saalline Phases. | % CaO Al,.O, SiO, 


1436 
Ca,SiOg 
3CaO,2SiO2 
GaysiO4 
CaO. 
AlpSiO5,SiOg 
AleSi105,AleO3 
CaAlgSigOg 
CaSiO3g 
CaAlgSig0g 
SiO, 
CaAleSig0g 
SiO2,CaSiOg 
CagAl2SiOz 
CaoSiO4 
Alz,O3 
CaAleSigOg 
CaAleSigOg 
AlgSiO5,SiOg 
CagAlpeSiO;z 
CagAl100i8 
CazAleSiO7z 
CaAlgO4 
CazAleSiO7z 
CaAlgO4 
CagA1 0018 
CaAleSigOg 
CagAl SiOz 
Cay Al,SiO7 
CazSieO7 
CaSiO3 
CapAleSiOz 
CaSiOg 


1610 
1810 


1299 
1359 
1165 


1545 
1547 


1345 
1552 


1512 


1505 


1385 
1310 


1316 


| 
j 
| 
| 
| 
| 
: 
> 
| 
te 
| 


The accuracy of the melting-points is 5 to 10 units. 


of Sc. xxxi, p. 341, 1911. 
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—q 


Melting 
Temp. 


1455+ 
2065-- 


ND EUTECTIC MIXTURES. 


207 


(Part unpublished.) 


Transformation. 


Melting : 

ato Band reverse 

Melting Apert 

7 to B and reverse 

B to a and reverse 

Dissociation into Ca,SiO, and 
liquid . . 

Dissociation into  CaaSiO, and 
CaQiia tr 

Dissociation into CaO and liquid 


Melting 
Melting 
Melting 
Melting 
Melting 
Melting eats Selayie Meutreo ss 
Dissociation into CagSiO4+ 
CagAl2SiO7 and liquid 


EUTECTICS. 


Crystalline Phases. 


| 
) 
! 


% CaO Al,Os 


fo} 


CaAleSigOg 
CagAleSiO;z 
CaSiOg 
CaAleSieg 
CagAleSiOz 
AlgOg 
CaeSiO, 
CaAlO4 
CasAlgOy,4 


2 


25:2, (30: 


49-5 43-7 


CazAl,SiOz 
Cag3SiO7 
CapSiO4g 
CagAleSiO7z 
CaeSiO4g 
CaAl,O4 
CaAleSi2Og 
Al,03 
AleSiOs 
CagAloOig 
CagAleSiO7z 
AlgO3 


48.2 


| 
| 
: 


! 


3Ca0.2Si02 
2CaO.SiOg 


Ml ss5 0 — 


Geophysical Laboratory. 


QUINTUPLE POINTS, 


QUADRUPLE POINTS, 


Temp. 


D407 [a2 | 
1200 +2 
2130 ae 
675 -L5 
1420 +2 


1475 —5 


1900 +5 
1535 +5 
1455 +5 
1600 -|-5 
1720 +10 
1816 +10 
1550 +2 
ae aE 


1335 +5 


SiO, ea 


1265° 
31.8 | 1380 


6.8 | 1335 


44.5 | 1475 


See also Day and Sosman, Am. J. 


208 TABLE 225. 
LOWERING OF FREEZING-POINTS BY SALTS IN SOLUTION. 


In the first column is given the number of gram-molecules (anhydrous) dissolved in 1000 grams 
of water; the second contains the molecular lowering of the freezing-point ; the freezing-point 
is therefore the product of these two columns. After the chemical formula is given the molecular 
weight, then a reference number. 


g. mol. 
1000 g. H,O 


g. mol. _ 
1000 g. H,O 


Molecular 
Lowering. 
Molecular 
Lowering 
Molecular 
Lowering. 
Molecular 
Lowering. 


ie} 


Pb(NOs)», 331.0: 1, 2 3:47 MgCl,, 95-26: 6, 14. 
0.000 362 gabe 3.42 ° 
.OOI 204 5.30 .2000 2592 
.002805 5-17 500 3-26 || BaCl,, 208.3: 3,6, 13. 
005570 4.97 1.000 3:14 0.00200 pe 
.01737 4.69 || LiNO,, 69.07: 9. .00498 5.2 
5015 2.99 | 0.039 34° .0100 5.0 
Ba(NO,)., 261.5: 1. -1671 3-35 .0200 4-95 
0.000383 5.6° 4728 3-35 £04805 4.80 
.OOT 259 5.28 1.0164 3-49 100 4.69 
.002681 5-23 ||| Al(SO4)s, 342-4: 10. -200 4.66 
.005422 5.13 0.0131 5.09 «500 4.82 
008352 5-04 .0201 4.9 .586 5.03 
Cd(NO3),, 236.5: 3. 0543 4.5 -750 i 
.00298 Sh -1086 4-03 Ill CdCl, 183.3: 3, 14. 
5: ety. 3-83 NaCl, 58.50: 3, 20, 12, 16. 
5: CdSO,, 208.5: 1, 11. 0.00399 3.7° 
Sp 3: .01000 3 67 
AgNO,, 167.0: 4, 5. . 0221 3-55 
3- 04949 3.51 
4 1081 3.48 
¥ +2325 3-42 
4293 3-37 
+700 3-43 © 
NH,Cl, 53.52: 6, 15. 
0.0100 6° 
5 ; -0200 
5: .0350 
4 
4. -1000 
j +2000 
4. CoCl,, 129.9: 9. 
4. 0.0276 pee 
: -1094 4.9 : 
. :: 2369 5.03 || LiCl, 42.48: 9, rs. 
g 43 3 0.00992 3. 
CuSO,, 159.7: 1, 4) It. 4399 5:39 
0,000286 3. .538 5.5 £0455 35 
.000843 3: CaCl,, 111.0: 5, 13-16. 09952 3: 
.002279 a. 0.0100 .1° — 3: 
NaNO,, 85.09: 2, 6, 7 .006670 2. I) 3: 
0.0100 3.6° .01 463 2 7939 3 
-0250 : -IOSI a BaBr,, 297.3: 14. 
0500 : .2074 fi 0.100 x: 
2000 : 4043 ‘ f : 150 4. 
.500 : .8898 : : ; .200 5 
5015 . MgSO,, 120.4: 1, 4, tr. : 500 5 
1.000 : 0.00067 5 3.29 j ; AIBr;, 267.0: 9. - 
1.0030 é 002381 3.10 : ; 0.c078 1.4 
NH,NOs, 80.11: 6, 8. 01263 2.72 ek : 0559 1.2 
0.0100 162 .0580 2.65 : : 1971 1.07 
.0250 : .2104 2.23 9 ; 4355 
Hausrath, Ann. Phys. 9, 1902. tr Kahlenberg, J. Phys. Ch. 5, rgor. 
: cclanc wases. Z. Piss. Ch. 6, 1890. 12 Abegg, Z. Phys. Ch. 20, 1896, 
3 Jones, Z. Phys. Ch, 11, 1893. 13 Jones-Getman, Am, Ch. J. 27, rg02. 
4 Raoult, Z. Phys. Ch. 2, 1888. 14 Jones-Chambers, Am. Ch. J. 23, 190% 
5 Arrhenius, Z. Phys. Ch. 2, 1888. 15 Loomis, Wied. Ann. 60, 1897. 
6 Loomis, Wied. Ann. 57, 1896. 16 Rooreboom, Z. Phys. Ch. 4, 1889. 
7 Jones, Am. Chem. J. 27, 1902. t7 Raoult, Z. Phys. Ch. 27, 18908. 
8 Jones-Caldwell, Am. Chem. J. 25, 19012. 18 Roleff, Z. Phys. Ch. 18, 1895. 
9 Biltz, Z. Phys. Ch. qo, 1902. 19 Kistiakowsky, Z. Phys. Ch. 6, 1890. 
to Jones-Mackay, Am. Chem. J. 19, 1897 20 Loomis, Wied. Ann. 51, 1894. 


Compiled from Landolt-Bérnstein-Meyerhoffer’s Physikalisch-chemische Tabellen. 
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Molecular 


MgBr., 184.28: 1 
0.0517 
103 
.207 
(517 
KBr, 119.1: 
0.0305 
1850 
6801 
+250 
«500 
CdI., 366.1: 


Q) 216 


POOR Unit 


3, 5, 22. 


fe} 

{e) 

ON 

to 

[on 
Nios 
in OM 


KI, 166.0: 9, 2. 
0.0651 
2782 
.6030 
1.003 
SrI,, 341.3: 22. 


Wun 


N 
-_ 
OV 
PW UNNW WHWY 


ells cotta eos aod nw hy = 


1-20 See page 21 


Lowering. 


ANWR A Ob HF 
DoOO 4 on 


CdBr., 272.3: 3, 14. 

0.00324 5.1° 
. .007 18 4.6 
.03627 3-84 
-0719 o39 
1122 3.18 
220 2.96 
. .440 2.76 
800 2.59 
; CuBr,, 223.5: 9. 
0.0242 gale 
; .0817 5.1 
.2255 5.2 
.6003 5.89 
1 CaBr,, 200.0: 14. 
: " "0,087: ii 


tm OO 0 


° 


Oo Fin NUN PS STN OS) 29) 
™N ° 


TABLE 225 (continued). 


Molecular 
Lowering. 


209 


LOWERING OF FREEZING-POINTS BY SALTS IN SOLUTION (continued). 


g. mol 
1000 g. H,O 


KOH, 56.16: 1, 15, 23. 
0.00352 .60° 
:00770 3-59 
02002 3-44 
05006 3-43 
-1001 3-42 
2003 3.424 
.230 3.50 
405 3-57. 
CH,0H, 32.03: 24, 25. 
0.0100 T,8° 
,0301 1.82 
.2018 1.811 
1.046 1.86 
3.41 1.88 
6.200 1.944 


K,CO,, 138.30: 6 
0.0100 
:0200 
0500 
-100 
.200 


Na.COsg, 106.10: 6. 


0.0100 
+0200 
.0500 
-1000 
«2000 

Na,SOg, 126.2: 28 

0.1044 
3397 
-7080 

Na,HPO,, 142.1: 

O.OI1O0I 


21 Sherrill, Z. Chis: Ch, 43, pon: 

22 Chambers- Frazer, Am. Ch. J. 23, 1900. 
23 Noyes-Whitney, Z. Phys. Ch. 15, 1894 
24 Loomis, Z. Phys. Ch. 32, 1900. 

25 Abegg, Z. Phys. Ch. 15, 1894 

26 Nernst-Abegg, Z. Phys. Ch 15, 1894» 
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‘ 


0.01052 
05239 
.1048 
2099 
5233 

HCI, 36.46: 


0.02004 


H,PO,, 66.0: 29. 
0.1260 


2542 
5171 
1.071 
H;POs, 82.0: 4, 5. 
0.0745 
1241 
2482 
1.00 


0.0100 
.0200 
.0500 
.1000 

.2000 


Na, SiO,, 122.5: 15 


HNOs, 63.05: 3, 13, 15. 


H;PO,, 98.0: 6, 22. 


Molecular 
Lowering. 


SON NDOUU 
OMmo pata 
- 


NN N 


AEP BRAPWQWQHHHWWWWE 
no 


3-55° 
3-50 


os) 
a | 
— 


POW GWOWG 
s~ MO0mhiun 
NON OMNW OC 


Ov 


ae 
g mol. 55 
1000 g. HO re z 
P= Tes| 
0.472 2.20° 
944 2.27 
1.620 2.60 
(COOH),, 90.02: 4, 15. 
0.01002 3:30 
02005 3.19 
05019 3.03 
1006 2.83 
.2022 2.64 
366 2.56 
.648 2.3 
C3H,(OH)s, 92.06 : 24, 25. 
0.0200 1.86° 
.1008 1.86 
+2031 1.85 
535 1.9! 
2.40 1.98 
5.24 2.13 
(C,H;5).0, 74.08: 24 
0.0100 16°" 
.0201 1.67 
-IOIT 172 
.2038 1.702 
Dextrose, 180.1: 24, 30. 
0.0198 1.84° 
.0470 1.85 
.1326 1.87 
.4076 1.894 
1.102 1.921 
Levulose, 180.1: 24, 25. 
0.0201 1.57° 
.2050 1.871 
554 2.01 
1.384 2.32 
2.77 3.04 
Cy2H 20), 342.2: 1, 24, 26. 
0.000332 1.90° 
.OOI410 1.87 
009978 1.86 
.0201 1.88 
1305 1.88 
H,SO,, 98.08 : 
13, 20, 31-33. 
0.00461 4.8° 
.O100 4.49 
.0200 4.32 
.0461 4.10 
100 3.96 
+200 3-85 
-400 3.98 
1.000 4.19 
1.500 4.96 
2.000 5.65 
2.500 6.53 


27 Pictet-Altschul, Z. Phys. ch. 16, 1895. 
28 Barth, Z. Phys. Ch. 9, 1 

29 Petersen, 2. Phys. Ght xx, goes 

30 Roth, Z. Phys. Ch. 43, 1903. 

gt Wildermann, Z. Phys. Ch. 15, 1894. 
32 Jones- Carroll, Am. Ch. J. 28, 1g02. 
33 Jones-Murray, Am. Ch. J. 30, 1903. 


210 TABLE 226, i 4 
RISE OF BOILINC-POINT PRODUCED BY SALTS DISSOLVED IN WATER.* 


‘This table gives the number of grams of the salt which, when dissolved in roo grams of water, will raise the boil- 
ing-point by the amount stated in the headings of the different columns. The pressure is supposed to be 76 
centimeters, 


(71.6 gives 4°.5 rise of temp.) 
250 | 32.0| 41-5| 5§5-5| 69.0 


eC He sO) 
KNaC4HyOg . 
KNaC4H4Og + 410 
HUTKC ne 

LiCl + 2H,O 


MgCh +6H20 . 
MgSO, + oer 
NaOH : 
NaCl . 

NaNOs3 


NaC2H302 an se 
Nags203 . . 
NagHPO, . é 
NaeCgHgOe6 + 2H,0 . 
Nae2S203 + 5H20 


NagCOs + 10H,O 
NagBsO7 + tae dd 
NH,4Cl : 
NH4NO3 
(NH4)2SO4 


SrCle + 6H20 . 
Sr(NOs3)2 
C4HeO, 
CoH204 st. 2H.0 
CsH,0; + HO 


CaClo . ° ~ | 137.5] 222.0 
KOE. c =| EO25 ite ley 
NaOH : SL Chey | wlugons' 
NH,sNO3 . 682.0 | 1370.0 
CyHgQ0¢ 980.0 | 3774.0 


26.4] 34-5 
44.0| 63.5 


47.0 


84. 
|¥Or.0|152.5| 2400] 331-5] 443. 
67. 
171. 


48.4 
60.5 


99-5 
120.5 


126.5 
I1g.0 
266.0 
20.0 
44.0 


(57.4 gives a rise of 8°.5) 
78:5| 103-§| 127.5) meen 


134. | 185.0 |(220 gives 18°.5) 
188.5] 338.5 


182.0] 284.0 
171.0] 272.5] 390.0} 510.0 
554-0 | 5510.0 
26:0" (35.01) waeas 50.0 
62.0] 92.0] 123.0] 160.5 


110.0| 170.0] 241.0] 334.5 


30.0{ 41.0] 51.0 60.1 
a. 7 gives 8°.8 rise) 


99.5| 156.0] 222.0 


118.1 | 194.0} 480.0 | 6250.0 
77.0| 104.0| 152.0] 214.5 


183.0 | (237.3 gives 8°.4 rise) 
216.0 | 400.0 | 1765.0 


‘9 
(5555-5 gives 4°.5 rise) 
29.7| 39-6| 56.2) 88.5 
52.0] 74.0| 108.0! 172.0] 248.0 
71.8] 99.1] (115-3 gives 108.2) 


103-0 | 150.0] 234.0] 524.0 
97.6 
87.0 | 123.0] 177.0] 272.0] 374.0 


484.0 


112.0 | 169.0 | 262.0! 5§40.0| 1316.0 | 50000.0 


145-0 | 208.0 | 320.0] 553.0] 952.c 


120° | 140°; 160° | 180° | 200° 


4099: 
(infinity gives 170) 
| 


* Compiled from a paper by Gerlach, “ Zeit. f. Anal. Chem.” vol. 26, 
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FREEZING MIXTURES.* 


Column r gives the name of the principal refrigerating substance, A the proportion of that substance, B the propor- 
tion of a second substance named in the column, C the proportion of a third substance, D the temperature of the 
substances before mixture, £ the temperature of the mixture, / the lowering of temperature, G the temperature 
when all snow is melted, when snow is used, and H the amount of heat absorbed in heat units (small calories when 
A isgrams). Temperatures are in Centigrade degrees. 


Substance. 


NaC2H30O3z (cryst.) | 85 
NH,Cl. ; j 
NaNO;. : 3 
NagS20s3 (cryst.) . 
KI ; 


eee a Te 


CaClg (cryst.) 
NH4NO3_ 
(NH4)2SO4 . 
NECI . . 
CaCle . . 
TNOsa «|. 
NagSO4 : 
NaNOs.  . 
BesO,. . 
NagC Os (cryst.) 
KNOg . 


NNH NK & 
DN AIG DP Goo 
Late tek 
we torent Tey tina 2A | ed fe [lad | 


. 


CaCle . a 
NH,Cl . . 
NH4NO3 

NaNOg . . 
NaCl. . 


H2SO4-+ HO 
(66.1 % H2SOx) 


CaCl, + 6H2O 


“NI 
be I I oe ee oo ee i ie ee) 


Alcohol at 4° 


Chloroform . 
Ether . ; 
Liquid SOg . 


LISD Sie) eT Ts met (ot (ed fag me ea om Ses) ST Na Tog fost Ua Ue fae cea] ome feat [ual dims fa med Het [sl Pm Yea Pea Jot Tht | 


Set Meet Neg] TS) Ce) RSL Test Lh CET i fe Fe Fae Ta La 


4 pe oried from the results of Cailletet and Colardeau, Hammerl, Hanamann, Moritz, Pfanndler, Rudorf, and 
‘ollinger. 
+ Lowest temperature obtained, 
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TABLE 228. 
CRITICAL TEMPERATURES, PRESSURES, VOLUMES, AND DENSITIES OF 


GASES.* 


@ = Critical temperature. 


/ = Critical pressure in atmospheres. 
¢ = Critical volume referred to volume at 0° and 76 centimeters pressure. 
d = Critical density in grams per cubic centimeter. 


a 
a, b, Van der Waals constants in (» + =) (« = b) =1 + at. 


Substance. 


Air ry ; 
Alcohol (C2H60) . 
ms (Cii,O) 0. 
Ammonia 
Argon . . 
Benzene 
Bromine 3 
Carbon dioxide 
as monoxide. 
“disulphide 
Chloroform . s 
Chlorine 


Ether 


Ethane . : 
Ethylene . . 
Helium . 

Hydrogen. . 
a chloride . 


sulphide 


Krypton 
Methane 
“ 
Neon . ‘ F 
Nitric oxide (NO). 
Nitrogen : 

a monoxide 
(N20) 
Oxygen . A : 
Sulphur dioxide. 
Water ‘ 


(1) Olszewski, C. R. 98, 1884; 99, 1884; 100, 
1885; Beibl. 14, 1890; Z. Phys. Ch. 16, 
1893. 

2) Ramsay-Young, Tr. Roy. Soc. 177, 1886. 

3) Young, Phil. Mag. 1900. 

4) Dewar, Phil. Mag. 18, 1884 ; Ch. News, 84, 
19ol. 

5) ay é 

6) Nadejdine, Beibl.9, 1885. 

7) 

Wien. Ak. 91, 1885. 

(8) Batelli, 1890, 


Ramsay, Travers, Phil. Trans. 16, 17, 1901. 


Wroblewski, Wied. Ann. 20, 1883; Stz. 


b X 108 | Observer 


1560 

0.00713 3769 
= 2992 

= 1606 

~ 1348 

5 5379 
0.00605 2020 
0.0044 j ae 
= 1683 
0.0090 3430 
= 4450 
2259 
2050 
6016 
6002 
2848 
2533 
700 
880 
1726 
1731 
1926 
1776 
1557 
1625 


0.01584 
0.01344 


Ww A ORW ON 1 QUUNAW db 4 


oo 
bo ty 
exo: fit 
by CO 


2 
ron 


1160 
1650 
1888 
1420 
2486 


1362 


(9) Sajotschewsky, Beibl. 3, 18709. 

(10) Knietsch, Lieb. Ann. 259, 1890. 

(11) Batelli, Mem. Torino (2), 41, 1890. 

12) Cardozo, Arch. sc. phys. 30, 1910. 

33 Kamerlingh-Onnes, Comno. Phys. tab. 
Leiden, 1908, 1909, Proc. Amst. 11, 
1908, C. R. 147, 1908. 

(14) Olszewski, Ann. Phys. 17, 1905. 

(15) Ansdell, Chem. News, 41, 1880. 

(16) Holborn, Baumann Ann. Phys. 31, 1910. 

(17) Cailletet, C. R.-102, 1886; 104, 1887. 


* Abridged for the most part from Landolt and Bornstein’s ‘Phys, Chem. Tab.” 
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Substance 


.|—160]o. 
I8jo. 
Too|o. 
200]0. 
40o0]o. 
500]o. 
6o0o]1. 


Aluminum... 
“cc 


514 
480 
492 
545 
760 
885 
OL 


caval 
.0396 
.025 


.O194 
.O161 


9 yellow.. 
Sines UQeege ojo. 
Cadmium,pure|—16olo. 
“ “ 
I8jo. 
E Ioolo. 
Constantan... 18|o. 
(60 Cu+4o Ni)| roolo. 
Copper,* pure. |—160|r. 
= ted 18]o. 
Too|o. 
ojo. 
I7I\o. 
I7|o. 
170. 
T8jo. 
Too|o. 
—I6o0]|o. 
I8jo. 
Toolo. 
18jo. 
Too|o. 
..|—160lo. 
T8ic. 
Toolo. 
pee 


“ 


“cc “ 


German silver. 


Iron,f pure... 
“ it oe 


Tron, wrought. 
“ ec 


ce 


steel, 1% 


a ium... 
Magnesiu <65 


—160|o. 
I8]lo. 
Too|o. 


| Manganin.... 
* (84 CU+4 
Ni 12 Mn) 


References: (1) Lees, Phil. Trans. 1908; (2) Jaeger and Diesselhorst, Wiss. Abh. 
Phys. Tech. Reich. 3, 1900; (3) Angell, Phys. Rev. ro11; (4) Lorenz; (5) Macchia, 


. 181 
. 260 
. 204 


246 
239 
222 
ay 
0540 
0640 
979 
918 
or8 | 
070 
795 
037 
I4I 
161 
I51 
152 
144 
143 
108 
107 
092 
083 
o81 


0.376 


035 
\ +.0026 


0519 
0630 


TABLE 229, 


CONDUCTIVITY FOR HEAT. METALS AND ALLOYS. 


The coefficient & is the quantity of heat in small calories which is transmitted per second through 
a plate one centimeter thick per square centimeter of its surface when the difference of tempera- 
ture between the two faces of the plate is one degree Centigrade. The coefficient k is found to 
vary with the absolute temperature of the plate, and is expressed approximately by the equation 
ke = kot + a(t — to) ]. &o is the conductivity at f, the lower temperature of the bracketed pairs 
in the table, &; that at temperature f, and a is aconstant. in g-cal. per degree C per sec. across 
cm cube = 0.239 X : in watts per degree C per sec. across cm cube. 


HP B HH 


NO 


Palladium. ai 
Platinum. : ; f 


Pt roofer: 

Pt 10% Rh. 

Platinoid.... 

Potassium. a 

Rhodium.... 

Silver, pure.. 
“ce 


Sodim:. «.- 
a9 


Tantalum. . 
“cc 


Tungsten.... 
Tungsten. Bis 
f ee 
sc ater os 
Wood’s alloy 
Zinc, pure... 
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1907; (6) Barratt, Pr. Phys. Soc. 1914; (7) H. F. Weber, 1879; (8) Hornbeck, Phys. 
Rev. 1913; (9) Worthing, Phys. Rev. 1914; (10) Worthing, Phys. Rev. 1917. 


*Copper: 100-197° C, kt = 1.043; 100-268°, 0.969; 100-370°, 0.931; 100-541°, 0.902 (Her- 


‘ing; for reference see next page). 
TIron: 10oo-727° C, ky = 0.202; too-912°, 0.184; roo-r245°, 0.191 (Hering). 
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TABLES 230-231. 
CONDUCTIVITY FOR HEAT. 
TABLE 230.— Thermal Conductivity at High Temperatures. 
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(See also Table 229 for metals; & in gram-calories per degree centigrade per second across a centimeter cube.) 


' Tempera- 
Material. ture, 


Tempera- 
Material. 


Reference. 


Reference. 


Brick: Carborundum| 150-1200 | .0032—-.027 
Building } 
Terra-cotta 
Fire-clay....] 125-1220 | .0032-.0054 
Gas-retort...] rtoo-1125 | .0038 
Graphite. ...] 300-700 -024 
50-1130 | .0027—.0072 
I00-1009 | .002 —.0033 
109 .0045—-.0050 
200 .0043—.0097 
500 - 0040 
40 .0046-.0057 
100 .0039-.0049 
350 . 003 2—. 0035 
Porcelain (Sévres)..| 165-1055 | .0039-.0047 
Stoneware mixtures.| 70-1009 | .0029-.0053 


Amorphous carbon... .028—. 003 
.027—. 004 
.020-.003 
. OLI—.004 
100-360 .089 
100-751 .124 
100-842 -129 
Graphite (artificial)...] 100-390 +338 
100-546 +324 
100-720 - 306 
100-914 . 291 
30-2830 162 
2800-3200 .002 
QO-II0 -55--45 
189-120 -44-.34 
500-700 «3I-. 22 


15-1100 | .co18-.0038 


HHHHHDHNHNNNKAHHH 
WwWRHDHRARARWOWWHW W W 


References: (x) Hansen, Tr. Am. Electrochem. Soc. 16, 329, 1909; (2) Hering, Tr. Am. Inst. Elect. 
Eng. 1910; (3) Bul. Soc. Encouragement, 111, 879, 1909; Electroch. and Met. Ind. 7, 383, 433, 1909; (4) 
Poole, Phil. Mag. 24, 45, 1912; see also Clement, Egy, Eng. Exp. Univers. Ill. Bull. 36, 1909; Dewey, Pro- 
gressive Age, 27, 772, 1909; Woolson, Eng. News, 58, 166, 1907, heat transmission by concretes; Richards, 
Met. and Chem. Eng. 11, 575, 1913.. The ranges in values under r do not depend on variability in ma- 
terial but on possible errors in method; reduced from values expressed in other units. 


TABLE 231.— Thermal Conductivity of Various Substances. 


Substance, temperature. kt Substance, temperature. 


Naphthalene MP 70° C., —160..... 
Naphthalene MP 70° C., 0 
Naphthol — 8B, MP 122° C., —160.. 
Naphthol, o aaa 
Nitrophenol, MP 114° C., 
Nitrophenol, o 

Parafin MP 54° C., 

Paraflin, o 

Porcelain 

Quartz _L to axis, —190 

ATs) 

» 100 
Quartz || to axis, o 

Rock salt, o 

Rock salt, 30'. Je).5.cneeetre sehaeeee 
Rubber, vulcanized, —160 
Rubber, o 
Rubber, para 
Sand, white, dry 
Sandstone, dry 
Sawdust 

Slate _| to cleavage 

Slate || to cleavage 

Snow, fresh, dens. = 0.11 

Snow, old 

Soil, average, sl’t moist 

Soil, very dry 

Sulphur, rhombic, 0...... GE nS 
Vaseline, 20 
Velcanite 


Aniline BP 183° C., .OOOII2 
Carbo .OI0 
Carbon, graphite -O12 
Carborundum .00050 
.0008L 
.0022 
Diatomaceous earth.............-| .00013 
Earth’s crust .004 
Fire-brick .09028 
Fluorite, —190 -093 
Fluorite, o .025 
Glass: window .0025 
crown, 03572, —1g90 .oo118 
Crown, 02572, O .00280 
Crown, 02572, 100 -003 24 
h’vy flint o16;, —190 .O008I 
h’vy flint o165, o .00170 
h’vy flint o165, 100 -0o1r8t 
Glycerine, —160 .00077 
+0053 
Ice, —160 .0066 
Ice, 0 .0050 
Iceland spar, —190 .038 
Iceland spar, o . 0103 
Lime -00029 
Limestones, calcite 0047 to 
Marbles, dolomite .0056 
Mica .oor8 
Flagstone _|_ to cleavage .0063 
Micaceous || to cleavage..........] .0044 


“ec 


ADIL ADRUMHHOHUUUNMUNeN |/aAuNp RWIS I IH 
CoOnmlLINIADI AD UMunUuMMNnn |lHHHHH HEH 


References: (1) Lees, Tr. R. S. 1905; (2) Lorenz; (3) Norton; (4) Hutton, Blard; (5) Eucken, Ann. 
be oan 1911; (6) Herschel, Lebour, Dunn, B. A. Committee, 1879; (7) Jansson, 1904; (8) Melmer, rorz; 
9) Stefan. 
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- TABLE 232. P @15 
THERMAL CONDUCTIVITIES OF INSULATING MATERIALS. 


Conductivity in g-cal. flowing in 1 sec. through plate 1 cm thick per cm? for 1° C difference 
of temperature. 


Conduc- Density. 


tivity. g/cm3 Remarks. 


Material. 


.00006 Horizontal layer, heated from above. 
.000076 ; Fluffy, finely divided mineral matter. 
.000085 

Keystone hair . 000093 5 Felt between layers of bldg. paper. 

Pure wool .000084 : Firmly packed. 

“c 00008 4 ‘c “ 
.000090 | O. Loosely packed. 
. OOOIOI ; Very loosely packed. 
. 00010 Firmly packed. 
. OOOI102 , Pressed wood-pulp — rigid, fairly strong. 
. OOOI03 : Vegetable fibers between layers of paper — 
soft and flexible. 


Corkboard (pure) . 000106 

Eel grass . OOOTI , Inclosed in burlap. 
.OOOII3 3 Vegetable fibers — firm and flexible. 
. OOOII3 
.OOOTIG , Rock wool pressed with binder, rigid. 


. 00012 : Very light and soft. 
. 00014 ; Rock wool, vegetable fiber and binder, not 
flexible. 
Pulp board . 00015 Stiff pasteboard. 
Air cell 3 in. thick . 000154 Corr. asbestos paper with air space. 
Air cell 1 in. thick . 000165 Bs es : alk aahed 
Asbestos paper .OQOOI7 
Infusorial earth, block ..} 0.00020 
Fire-felt, sheet . 000205 
Fire-felt, roll . 00022 
Three-ply regal roofing..| 0.00024 
Asbestos mill board... .| 0.00029 
Woods, kiln dried: 
Cypress .00023 
White pine .00027 
Mahogany .0003I 
Virginia pine .00033 
Oak .00035 
Hard maple .00038 
Asbestos wood, sanded. .| 0.00093 


Fairly firm, but easily broken. 


Asbestos sheet coated with cement, rigid. 
Soft, flexible asbestos. 

Flexible tar roofing. 

Pressed asbestos, firm, easily broken. 


99990000 


4099900 


Asbestos and cement, very hard, rigid. 


: Dickinson and van Dusen, Am. Soc. Refrigerating Eng. J. 3, Sept. 1916. 
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2 I 6 TABLES 233-2 34. 


CONDUCTIVITY FOR HEAT. 
TABLE 233, — Various Substances. 


kt is the heat in gram-calories flowing in 1 sec. through a plate 1 cm. thick per sq. em. for 19°C 
drop in temperature. 


Substance. ity. , Substance. 


Asbestos fiber . ... N x Asbestos paper . . fo. 
: Blotting saree : = Lees-Chorl- 
Portland cement . 
Gotfon asus cae P -OOOLIS Corky t50%" Ac) es hs : Forbes. 
th ir . as .00007 I Ghalie ns oie ue a Ata H, L, D, 
Eiderdown Guan we 2 : -00015 Ebonite, t, 49°. } see p. 205. 


85% magnesia asbestos . ton. 


alse : .000046 Glass,mean .. 7 Various. 


.0000 NGG Pasta 5 Neumann. 
Lampblack, Cabot aaah 5 Seok Leather, niece sities 
“oe 


Quartz, mesh 200 . . . . : 0002 4 chamois. . 
.00009I Linen es 


) 
; Lees-Chorl- 
Poplox, popped Na,SiO, . ; .000160 Stk caer 4 : : - } 


Wioolifibers-7s ei ae a c.-ar eee A ,000118 Caen stone, limestone 
ES iy .000085 Free stone, sandstone 
«000054 


Left-hand half of table from Randolph, Tr. Am. Electroch. Soc. XXI., p. 550, 1912; k, (Randolph’s values) 


is mean conductivity between given temperature and about 10°C. Note effect of compression (density). The 
following are from Barratt Proc. Phys. Soc., London, 27, 81, 1914. 


k, ky 
Substance. Density. ——— Substance. Density. 


at 20°C. | at 100°C. at 20°C. | at 100°C. 


Brick, fire . i 001 fO : Boxwood. . ( .00036 
Carbon, gas . . . +0085 : Greenheart . : -OO112 
Ebonite . . . ‘i -OO014 : Lignumvite . .00060 
Fiber, red E sOOL12 : Mahogany .. : .00051 
Glass, soda A ; .00172 ; Odk salt accae i .00058 
Silica, fused . - 00237 : 5 Whitewood . s .00041 


The following values are from unpublished data furnished by C. E. Skinner of the Westinghouse Co., Pitts- 
burgh, Penn. They give the mean conductivity in gram-calories per sec. per cm. cube per °C. when the mean 
I 


temperature of the cube is that stated in the table. Resistance in thermal ohms (watts/inch2/inch/°C.) = 7 
Io. 


conductivity. 


Conductivity. 


Substance. 


Air-cell asbestos . Ser ae : 0.00034 3 0.00050 
Cork oroundcs a) os) weed see .00015 : _ 
Diatomit . =e oes 2 -00028 4 -00037 
Infusorial earth, natural. fs .0003 4 . .00040 
id “hd pressed blocks : .00030 : 00033 
Magnesium carbonate. . . - .00023 dj 00025 
Vitribestos . . ; i +00049 .00079 


TABLE 234.-— Water and Salt Solutions. 


Solution 


Substance. | : k, Authority. in water 


Density. A Authority. 


0.00150 Goldschmidt, ’11. CuSO, 1.160 : 0.00118 H. F. Weber. 
.00147 { Lees, ’o8 ee .026 - .oo116 | Graetz. 
.00136 eae 8 a -178 3 sOO1TS 
00143 Milner, Chattock, ’98 te é 00135 } H. F. Weber. 

H3S0, : : pe } Chree. 
ZnSO, : , -oor18 
#¢ a sOO115 


i H. F. Weber. 
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i TABLES 235-237. 21 7 
TABLE 235.— Thermal Conductivity of Organic Liquids. 


Substance. Substance. Substance. 


Acetic acid 9-15] .03472 Carbon disulphide.| o 
Alcohols: -0352 Chloroform 
by .0346 
03345 Glycerine 
-03434 Oils: petroleum... 


“ 


-03333 turpentine. . 


ORoOPF- | Refer. 


References: (rt) H. F. Weber; (2) Lees; (3) Goldschmidt; (4) Wachsmuth; (5) Graetz. 


TABLE 236. — Thermal Conductivity of Gases. 


The conductivity of gases, kt = }(oy — 5)uCo, where y is the ratio of the specific heats, Cp/Cv, and pu is 
the viscosity coefficient (Jeans, Dynamical Theory of Gases, 1916). Theoretically k: should be independent 
of the density and has been found to beso by Kundt and Warburg and others within a wide range of pressure 
below one atm. It increases with the temperature. 


re 
&, 


.oco0180 
.0000566 
.©000719 
. OOOOT42 
.0000388 
. 0000509 
. 0000542 
. 0000219 
-0000332 


.0000406 
. 0000395 
.000T46 
000344 
.000398 
000133 
. 000416 


- 000409 
.0©0007 20 


.0000185 
0000183 
0000568 
0000718 
0000172 
.0000570 
0000743 
.000046 

.©000353 


oo00000000 
HHH RH HH eH 
9000000000 
PHPHHR HN 
9999909000 
PNOHHAH HHH 


References: (1) Eucken, Phys. Z. 12, 1911; (2) Winkelmann, 1875; (3) Schwarze, 1903; (4) Weber, 1917. 


* Air: Kp = 5.22 (10-5) cal. cm ~! sec.-1 deg. C-1; 5.74 at 229; temp. coef. = 


-0029 ; Hercus-Laby, Pr. R. Soc. Ags, 
190, 1919. 


TABLE 237. — Diffusivities. 


The diffusivity of a substance = 2 = k/cp, where k is the conductivity for heat, c the specific heat and p the density 
(Kelvin). The values are mostly for room temperatures, about 18° C. 


Material. Diffusivity. Material. | Diffusivity. 


BPP isola ote Sevtratuh svat wtertiesye .826 ciatslashMrsiccs-o1e slap SOEON See bia ote taele 

AL EUUTER(O) CUE 2 Be ae ane a -139 Concrete r(cinder)i25 sci sa eeea seine oa ee 
RASS ELL es ah 2) 5 Sea aoe avaicta, baie Gone sleve as .0078 Concrete (Stone): :, 5e22%%0 nee vee oe oe 
APOE O COORG -339 Concrete Wichtislar) cc) é ccs» aiiaeiesiee 

3M RTD er Ct OER TEP . 407 (GCG) alae (Fan x6) Ch T b JER aac ts ce On ee ee OS 

NA aE eis: sais syavasacaadatsvalase: brale a: 6h Fie) s # -133 b Wala seyanej a antes GHG Vela aleve we'e (a Rietrie/erere 

et rena Gibis abuye sea cn Mein Ais» .182 AS 1ASS ONTO) 7..h5 -siciare:o.5m sim G)abicae.< 
Tron (wrought, also mild steel).......... .173 AGTAMICE cise e stb esos tae a spb ier bs 
Tron (cast, also 1% carbon steel),....... .121 Btn rt heetens ine erate. Sieie wniveintepiatan iors 
Lave |S pie a ec ey ESTE Wl) PRO SLOTO ox pin rcs s)svoriinseicsete ove s-bicveieisy ei 
MOPERRPOSTININE | = Sisiss shs'a; coin aise ote wis eos, © ef 883 
UMERIIEC Rhys iniiis.o op siciscie-crlcie tele sidle &- HOS27; in| cart ereras sitet a ete athcie-civia ola) ave = 1a, orale) « 
MORAN EP eo oye) oie 5/4. sie- inicio sisieyouetowssdusvavels .152 Rock material (earth aver.)........... 
Bietrcteraretsietviaislbos'esavcratee love a eck S .240 Rock material (crustal rocks).,........ 
Bmeteierelexniarenisvela:tielchelarevateinotevalensis 243 SAUUStOME eit. «dala. oe we eo nance s 

BRM Merarcsa Srateies Wave crore ters ates orion 937 Siawiliresh) rates soos aweseh es» s 

Oh, ooS0 OCB BOD EOE OO GOAnGAOO COO SON Ba . 407 ea ee ioe slightly damp)...... 
cere op ROO EOD OCDE OOO ee -402 oil (very ae ae oe ebb bwtsle Pere aes 
AOD on cto at ego ae eee -179 WW RLERIS nuretays kare nice icicfelte ioe rete arels 
BPSIaIS MOOSE) arer iets) ciaicia\els)e)o)slataie eipielels = .0035 Wood (pine, cross grain)...........0+. 
eke (AVETare LIFE), «ccs voce ccc econ. .0074 Wood (pine with grain)............... 
Brick (average building)............... .0050 


Taken from An Introduction to the Mathematical Theory of Heat Conduction, Ingersoll and Zobel, 1913. 
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218 TABLE 238. 
LINEAR EXPANSION OF THE ELEMENTS. 
In the heading of the columns ¢ is the temperature or range of temperature; C is the coefficient of linear expansion; 
A; is theauthority forC; M is the mean coefficient of expansion between 0° and 100° C; a and are the coefficients 


in the equation /: = h(x + at + Be), where J is the length at o° C and /t the length at #° C; A2 is the authority for 
a,8,and M. See footnote for Molybdenum and Tungsien. 


Substance. M X10! |! a X 1ot 


lool hw beef 


SPEIRS 
WOH 
Hw 
aH 
on 
aol | 


onan 


esl 
fe} 


al 


40 
Caste ice siento ties, co ee —r191 to +16 


Q 
Hitt 


H 


Phosphorus 
Platinum 


H 


H 


fe} 
£ 


eeeltelr a total aed 


H 


Sulphur: Cryst. mean 
Tellurium 


oo 
tlie P| 


°o. 
°. 
°. 
°. 
oO. 
°. 
°. 
°. 
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References: (1) Fizeau; (2) Calvert, Johnson and Lawe;. (3) Chatelier; (4) Henning; (5) Dittenberger; 
(6) Matthiessen; (7) Andrews; (8) Holborn-Day; (9) Benoit; (ro) Pisati and De Franchis; (11) Hagen; (22) 
Spring; (13) Day and Sosman; (14) Griffiths; (t5) Dorsey; (16) Griineisen. 

Tungsten: (L — Lo)/Lo = 4.44 X 10-*(T — 300) + 45 X 10 4(T — 300)? + 2.20 X 1073(T — 300)8. Lo = length 
at 300° K. Coefficient at 300° K = 4.44 X 10-8; 1300° K, 5.19 X 10°*; 2300° K, 7.26 X 10°. Worthing, Phys. Rev. 
1917. 

Molybdenum: Lt = LIo(t+ 5.15¢ X 10-6 + 0.00570f2 X 1078), for 19° to —142°C; = Lo(t + 5.01 X 10 § + 
©.00138f X 10-8), for 19° to + 305° C; Schad and Hidnert, Phys. Rev. roro. 

The Holborn-Day and Sosman data are for temperatures from 20° to 1a90° C. The Dittenberger, o° to 600° C. 
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TABLE 239. 219 
: LINEAR EXPANSION OF MISCELLANEOUS SUBSTANCES. 


The coefficient of cubical expansion may be taken as three times the linear coefficient. ¢ is the temperature or range 
of temperature, C the coefficient of expansion, and A. the authority. 


Substance. “ Substance. 


Platinum -silver: 
0-100 
.1783-.193 i 20-790 
71.5 Cu+ 27.7 Zn + S yeux..| 1000-1400 
o.3Sn+05Pb... 40 .1859 Quartz: 
71 Cu+ zg Zn . 1906 Parallel to axis... o-80 
Bronze: oa ss —Igo to + 16 
3Cu+1Sn 16.6-100 .1844 Perpend. to axis... o-80 
: Quartz glass —r190 to+ 16 |— 
- oo iis Se eee 16 to 500 
IC OS 16.6-350 . 2116 as CG 16-1000 
4o 
°° 
—160 
Speculum metal. ... o-100 
Topaz: 
Parallel to lesser 
horizontal axis. . . 
Parallel to greater 
horizontal axis... 
Parallel to vertical 


2900 


ce 66 ba aa a 16.6-957 -1737 


.1782 


.1713 
.1708 
7-0. 686 
-770 
.1523 
.842 
Fluor spar: CaFe.... . 1950 
German silver . 1836 


9900000000 


Tourmaline: 
Parallel to longi- 
tudinal axis 


capasallacre AnWwW N 


-1523 
Type metal 
A a Vulcanite 
Wedgwood ware... 
.0833 Wood: 
.0828 Parallel to fiber: 
.o891 Ash 
.0897 
-09054 
5 ; .0788 
Jena ther- | rout o8r 
mometer | normal 
.058 
.|— 191 to+ 16 .424 
20 .983 
—=20 10 —"t nu 


000000000 


Iceland spar: 
Parallel to axis . 2631 
Perpendicular to axis 0.0544 

Lead-tin (solder) 
2Pb+ 


. 2508 
. 238 
.181 
-tL7 
.0662 
- 3030 
+7797 


.0884 


Abweso0000000 


Lal 


Platinum-iridium 
ro Pt-+1Ir 


oO #HHOOOO 


References: 


(rt) Smeaton. (8) Pfaff. (15) Mean. (22) Mayer. 
(2) Various. (9) Deluc. (16) Stadthagen. (23) Glatzel. 
(3) Fizeau. (10) Lavoisier and Laplace. (17) Frohlich. (24) Villari. 
(4) Matthiessen. (x1) Pulfrich. (18) Rodwell (25) Kopp. 
(5) Daniell. (12) Schott. (19) Braun. (26) Randall. 
(6) Benoit. (13) Henning. (20) Deville and Troost. (27) Dorsey. 
(7) Kohlrausch. (14) Russner. (21) Scheel. 
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220 TABLE 240, 
CUBICAL EXPANSION OF SOLIDS. 


“ 


If vg and z are the volumes at / and 4 respectively, then v2 = 7 (1 + CAZ), C being the 
coefficient of cubical expansion and A¢ the temperature interval. Where only a single temperature 
is stated C represents the true coefficient of cubical expansion at that temperature.* 


Substance. zt or Lt Authority. 


Antimony . . mG 0-100 ; Matthiessen 
Ie Ge aoe oF rae 0-100 ; Pfaff 
IS a, ge 6 0-100 ; Matthiessen 
Copperas.) ara 0-100 
IDEN eseah ete 40 ; Fizeau 
Emeralds gs is cache ab fe 40 s 
Galena. hee PP es 0-100 : Pfaff 
Glass,common tube. , 0-100 : Regnault : 
‘s Dar ees Nee) arg Rere gs 0-100 c 
‘ Jena, borosilicate 
So) MN 5 A 20-100 : Scheel 
s pure silica. . . o-80 Chappuis 
SONG Rares ees 1G OE 0-100 . Matthiessen 
Lees. ee eee 5) Hs —20-—I ; Brunner 
[BWR Gone ays 0-100 ; Dulong and Petit 
Reade. ae 0-100 2 Matthiessen 
aragillo meas) - 20 5.8 Russner 
Platinum .. aaa 0-100 ; Dulong and Petit 
Porcelain, Berlin. . 20 : Chappuis and Harker 
Potassium chloride . 0-100 .0¢ Playfair and Joule 
at mMitratel see. 0-100 “ f “ 
ac sulphate. . 20 A Tutton 
Quantzerine bein “ 0-100 ; Pfaff 
Rigel, ‘Salhi gee fe us. ae fs 50-60 ; Pulfrich 
Rubbers i) se) as : 20 : Russner 
SUVGN ceee felts - ©-100 k Matthiessen 
SOG ee eel ve) cee 20 : E. Hazen 
Stearieracidny — - =) 33-8-45.5 : Kopp 
Sulphur, native . . . 13.2—50.3 : «“ 
ain etaekes cs eas aoate O-100 : Matthiessen 
SHIN A he Ac 0-100 : “ 


* For tables of cubical expansion complete to 1876, see Clark’s Constants of Nature, Smithsonian Collections, 289. 
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, , TABLE 241, 221 
} CUBICAL EXPANSION OF LIQUIDS. 


If Vo is the volume at 0° then at ¢° the expansion formula is V; = VP’ (1 + at + Bf + yf). 
The table gives values of a, 8 and vy and of C, the true coefficient of cubical expansion, at 20° 
for some liquids and solutions. A¢ is the temperature range of the observation and A the 


authority. 
Liquid. a: a 108 B 108 y 108 he ae A 
| Acetic acid 16-107 | 1.0630 0.12636 1.0876 1.071 3 
| Acetone O-54 1.3240 3.8090 —0.87983 1.487 3 
| Alcohol : é : 4 | 
Amyl —15-80 ome lore} 0.657 1.184 0.902 4a 
Ethyl, 30% by vol. . . 18-39 ee feo —11.87 ; ie 6 
Le cio se 508 0-39 0:7450 1.85 0.730 - 6 
nag. 37, * or 27-46 1.012 2.20 ~ 1.12 6 
“500 atmo. press. . 0-40 0.866 - - ~ I 
<1 33000 © L's o-40 0 524 - - - ry 
DUCED Negri p< Cat oe o-61 1.1342 1.3635 0.8741 1.199 5a 
BAEHZENE iis, ya et | II-SI 1.17626 1.27776 0.80648 1.237 5a 
MELOMINE 6s 5 8 0-59 1.06218 1.87714 | —0.30854 T3132 2 
: Calcium chloride: 
5.8% solution . . . 18-25 0.07878 4.2742 - 0.250 7 
40.9% . oD) es 17-22 0.42383 0.8571 - 0.458 Fi 
Carbon disulphide . . .]| —34-60 1.13980 1.37065 1.91225 1.218 4a 
500 atmos. pressure . o-50 0.940 = = = I 
: Bceo00) _ : 0-50 0.581 - - - I 
Carbon tetrachloride . . 0-76 1.18384 0.89881 1.35135 1.236 4b 
| mebloroiOrm:. <<... 0-63 1.10715 4.66473 | —1.74328 1273 4b 
; Hitters . . . 5 6 so | —15=38 1.51324 2.35918 4.00512 1.656 4a 
Glycerine aa: ORS Lec - 0.4853 0.4895 = 0.505 8 
Hydrochloric acid : 
; Bg.29,solution ; . . = 0-33 0.4460 0.215 - 0.455 
| MMCEEURY Ne awe of. fs fie! o-100 | 0.18182 0.0078 - 0.18186 | 13 
WAUVECOUM OT ssi Sto, 3, - 0.6821 1.1405 —0.539 0.721 Io | 
} PSO See SNC ee 0-33 1.4646 3.09319 1.6084 1.608 14 | 
Potassium chloride: 
Pe OvSOlutiION : . « « 16-25 0.2695 2.080 - 0.353 ii | 
; PONG ers os | le 36-157 | 0.8340 0.10732 0.4446 1.090 II 
Petroleum : 
Density 0.8467. . . .| 24-120 0.8994 1.396 - 0.955 12 
’ Sodium chloride: 
: ego solution. . . . 0-29 © 3640 1.237 - 0.414 9 
Sodium sulphate : 
. BAy, solution . 4 « «| II=40 0.3599 1.258 - 0.410 9 
j | Sulphuric acid: . 
; 16.97%,;Solution . 5. . 0-30 0.2835 2.580 ~ 0.387 9 
d EGOOUGE -tiante Dep ie sr 0-30 0.5758 | ——0.432 - 0.558 9 
; Turpentine. . . . . .| —9Q-106 0.9003 1.9595 | —0.44998 0.973 5b 
y \CSO>: tare ee 0-33 |—0.06427 8.5053 | —6.7900 0.207 13 
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222 TABLE 242. 
COEFFICIENTS OF THERMAL EXPANSION. 
Coefficients of Expansion of Gases. 


Pressures are given in centimeters of mercury. 


Coefficient at Constant Volume. Coefficient at Constant Pressure. 


Coeffi- 
Pressure cient 
cm. 


Coeffi- 
Pressure cient 
cm. 


Substance. Substance. 


100. 


Reference. 
Reference. 


100. 


: e Hi Ai r ‘ : ; 76. 4 367 I 
: 2 : : : 257. .3693 
-30630 .O°-100" is : 100.1 .36728 
36580 | Hydrogen o°-100° 100.0 .36600 
oe pie : -| 200 Atm, | .332 
39744 5 c : 22 
36650] 3 : : : cer 
36903 : . - .242 
«385606 Carbon dioxide . ! 3710 
: - - 4100 s “ — 0°-20° : 37128 
Argon sialp ae : ‘ «3068 o0°-40° ‘ te 
Carbon dioxide . : 30856 0°-100° : .37073 
ry Saal : ; 36753 0°-20° ; -37602 
é : Eee a 10; R 37410 
: : é 37264 0°20 : 37972 
0°-20° - -3698 5 0°-100° : 37703 
peer et os) ee 
- : f 4°-100 : 6574 
Sie M ee Rag motores : ; .3669 
- : .37 262 ‘itrous oxide : E 3719 
ee aes : 37248 | Sulphur dioxide . L “3903 
arbon monoxide . E -36067 sf 42 : 5 -3950 
Helium . : : E 3665 0°-119° ; .4187 
Hydrogen 16°-132° : 3328 : o°-141° E .4189 
sf 15°-132° : 3023 WV aE 4 0°-162° ‘ .4071 
12°-185° : 3656 vee? pee b 3938 
: : : 378 0°-247 , -3799 
ree Wi 36504 | 
t Ne ; .36626 Thomson has given, Encye. Brit. “ Heat,” 
Nitrogen 13-132 : 3021 the following for the calculation of the ex- 
9 : -3290 | pansion, E. between o° and 100°C. Expansion 
307 54 is to be taken as the change of volume under 
39744 tant fe 
ene |, [Sel 2 Oe 
07450 ek eee tla aE a! ’ 
Oxygen se pe Air, E = .3662(1 —.0026 V’/2), 
goo aneO oe : Oxygen, £ =.3662(1—.0032 V/v), 
Sia Wa : ae Nitrogen, 24 = .3662(1 —.0031 V//v), 
; ; aes CO2g £ = .3662(1 — .0164 V/v). 
36081 V/v is the ratio of the actual density of the 


Nitrous oxide - .3676 gas at o° C to what it would have at o° C and 
Sulph’r dioxide SO, ; .3845 1 Atm. pressure. 


1 Meleander, Wied. Beibl. 14, 1890; Wied. 5 Chappuis, Arch. sc. phys. (3), 18, 1892. 
Ann. 47, 1892. 6 Baly-Ramsay, Phil. Mag. (5), 38, 1894. 

2 Chappuis, Trav. Mem. Bur. Intern. Wts. 7 Andrews, Proc. Roy. Soc. 24, 1876. 
Meas. 13, 1903. 8 Meleander, Acta Soc, Fenn. 19, 1891. 

3 Regnault, Ann. chim. phys. (3)5, 1842. g Amagat, C. R. 111, 1890. 

4 Keunen-Randall, Proc. R. Soc. 59, 1896. 10 Hirn, Théorie méc. chaleur, 1862. 
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TABLE 243. 


SPECIFIC HEAT OF THE CHEMICAL ELEMENTS. 


Range * of 


Element. a as 


—240.6 
—190.0 
—73.0 
—190 to —82 
—76 to —I 
+16 to +100 
+16 to +304 


—185 to +20 
—186 
° 
75 
20-100 
280-380 
o-I00 
—Io1 to —78 
—76 to —o 
—78 to —20 
—192 to —80 
13-45 
—223 
eS 
=3 
21 
100 
200 
300 
0-26 
—185 to +20 
o-181 
—I91 to —79 
—76 to —o 
—50 
+12 
977 
ayes 1730 
Acheson { Be; 
Carbon, diamond... —50 
“ “ec 5 +11 
085 
o-100 
o-24 
— 200 
° 
100 
600 
—185 to +20 


“ce 
Cerium 


Chlorine, liquid... . 
Chromium 


Refer- 
ence. 


Specific 


Lede, Element. 


Gallium, liquid.... 
SR solid 
Germanium 


Range * of 
eine searing 


Specific 
heat. 


500 
1000 
—182 to +15 
15-100 


—181 to 13 
23-100 
12 to 113 
12-23 
o-100 
—185 to +20 
o-I00 
o-I00 
—go to +17 
—I9I to —8o0 
9-08 
—186 to +18 
18-100 
—223 
—163 
—63 
Ra) 
20-100 
I5—I00 
I000-1 200 
500 
o-18 
20-100 
—185 to +20 
o to +200 
o to +300 
o to +400 
o to +500 
o to +600 
o to +700 
o to +800 
o to +900 
o to +1000 
o to +1100 


* When one temperature is given, the “true” specific heat is indicated, otherwise the “‘mean” specific heat. 


+ 0.3834 + 0.00020(¢ — 25) intern. j per g degree = 0.0917 + 0,000048(¢ — 25) caloo per g degree. 


1913.) 
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TABLE 243 (continued). 


_ SPECIFIC HEAT OF THE CHEMICAL ELEMENTS. 


Element. 


Range * of 
temperature, 
i %- 


(sro) 
210 
18-100 
16-256 
—IgiI to —80 
— 78 too 
—75 to +19 
—100 
° 
50 
Ioo 
190 
—185 to +20 
60 


325 
625 
20-100 
—188 to —79 
=—79/tQ)a-15 
60 


325 
20-100 
—I00 
° 
100 
—77 to —42 
—36 to —3 
—185 to +20 
fo) 


—185 to +20 
100 
300 
500 
1000 
18-100 
Ig-98 
—186 to +18 
o-100 
o-1265 
o-s5I 
13-36 
—186 to +20 
—186 to +18 


Range * of 
ee 


—185 to +20 


10-97 
° 


—188 to +18 
—185 to +20 


907-1100 
—185 to +20 
—IgI to —83 


3 
—188 to +18 
o-54 
o-52 
IIQ-147 
—185 to +20 
1400 
—188 to +18 
15-100 
—185 to +20 
20-100 
O-I00 
—196 to —790 
—76 to +18 
21-109 
250 
I100 
—185 to +20 
o-100 
—185 to +20 


Uranium 
Vanadium 


4“ 


999999999999909999999999909099090900000099000000000HH0000000000 
299999909900000000000090909090900900009000090909090909090900900000000900 


* When one temperature is given, the “true” specific heat is indicated, otherwise the “mean” specific heat. See 
page 226 for references. 
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TABLE 244, 22 5 
HEAT CAPACITIES. TRUE AND MEAN SPECIFIC HEATS. AND 
LATENT HEATS AT FUSION. 


The following data are taken from a research and discussion entitled ‘‘Die Temperatur 
Warmeinhaltskurven der technisch wichtigen Metalle,”’ Wiist, Meuthen und Durrer, For- 
schungsarbeiten herausgegeben vom Verein Deutscher Ingenieure, Springer, Heft 204, 1918. 

(a) There follow the constants of the equation for the heat capacity: W =a + bt + ci’; for 
the mean specific heat: s = at-1+6-+ct; and for the true specific heat: s’ = b + 2ct; also the 
latent heats at fusion. (See also Table 243, pp. 223-224.) 


Tempera- Tempera- 
ture 
=e 


O-I500 . 10233 ‘ .05725| 5.48 
O-1500 .06162 ‘ g61I-1300 , .00710]28. 30 
O-1500 .03325 : o-10604 .03171| 1.30 
O-1500 .03121 F 1064-1300 : .01420] 8.52 
0-232 .06829 8. o-1084 .10079| 3.05 
232-1000 : .07020 , 1084-1300] 130. 74|/—.04150/65.6 
0-270 .03141] 5.22/10.2 o-1070] — |0.12037/25.41 
270-1000 : .03107} 5.41; — 1130-1210] —7.41]0.17700] — 
0-321 -05550| 6.28]10.8 1230-1250] 3.83|0.19800] — 
321-1000 : .06952| 6.37) — i 0-320 — |0.10950|/52.40 
0-327 .03591;—11.47|5-47 330-1451] 0©.41]0.12931| 0.11 
327-1000 , .02920] 3.30] — T45I-1§20| 50.21j0.13380| — 

o-419 .08777) 43.48] 23.0 0-950 — |o.o9119|40.77| 58.2 
419-1000] 14.34]/0.13340]/-16.10) — 1100-1478] 22.00|0.11043|14.57| 14.70% 
0-630 | — 0.05179] 3.00/38.0 1478-1600] 57.72/0.14720| — == 

630-1000] 39.42/0.05090] 2.96]; — 0-725 — |0.10545|56.84] 40.4 
0-657 | — |0.22200} 38.57]/94.0 78s-g1g | —1.63]0.1592 | — | 6.56% 
657-1000] 102.39]0.21870] 24.00] — gtg-1404] 18.31/0.14472| 0.05] 6.67% 
1405-15 28|—77.18|o. 21416] — | 1.94” 

1528-1600] 70.03/0.15012| — | — 


* Allotropic heat of transformation: Mn, 1070-1130°; Ni, 320-330°; Co, g50-1100°; Fe, 
725-785°; 919° +1; 1404.5° + 0.5. 


(b) True Speciric HEATs. 


. 2220|0.0573/0.0317]/0. 1008jo. 1055|0.0912| — 

. 229710.0583/0.03 20/0. LOT4jO. 1200/0. T168}0.0993]0. 2372 
. 1052/0. 237410.0594]0.0322/0. 1020]0. 1050. 1282/0. 1073]0. 2416 
. 1139/0. 2451]0.0605|0.0325/0. 1026'0. 1409]0. 1396/0. 1154/0. 2460 
-1226]0. 2529:0. 0616/0. 0328/0. 1032/0. 1294]. 1509/0. 1235/0. 2504 
. 1173/0. 2606/0. 0627/0.0330/0. 1038]0. 1294/0. 1623]0. 13160. 2548 
- 114110. 2683/0. 0638]0.0333/0. 1045/0. 129410. 1737/0. 1396/0. 2592 
. I109|0. 252310.0649/0.0335|/0. TO51j0. 1295/0. 18500. 1477/0. 2636 
. 1076]0. 2571|0. 0660]0.033810. 1057/0. 12950. 1592]0. 1558/0. 2680 
. 1044}0. 2619/0.0671|0.0341/0. 1063/0. 1295/0. 1592}0. 1639/0. 2724 
- 101 2(0. 2667/0. 0637/0.0343/0. 1069/0. 1295]0.1448] — |o.2768 
= — |0.0694/0.03290/0. 1028!0. 1296]0. 1448/0. 1424/0. 2812 
.0750|0.0346/0. I159]0. T296Jo. 1448/0. 1454/0. 2856 
.0807/0.0364)0. 129110. £296]0. 1449|0. 1483/0. 2900 


09999990000 


43 = — |o.1296|0.1449|0. 151210. 2944 
4 ae : .1338|0. 214210. 1472|0. 2988 
6 erg, PESOL|O.147 21 —— 
z 


For more elaborate tables and for all the elements in upper table, see original reference. 
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TABLE 245. 


ATOMIC HEATS (50° K), SPECIFIC HEATS (50° K), ATOMIC VOLUMES OF THE ELEMENTS. 
The atomic and specific heats are due to Dewar, Pr. Roy. Soc. 89A, 168, 1913. 


Specific | Atomic : Specific 
.| beat | |_heat [volume heat 
O142 
0229 
0175 
0208 
©0207 
0245 
0384 
0258 
0361 
0453 
o711 
©0550 
0262 
OI41 
OI09 
0134 
O190 
.0242 
0308 


1924 
0137 
0212 
0137 
0028 
1519 
.0713 
0413 
0303 
0303 


OOHHwOOOOH 


9990000000 
ree 


2 
bd 
° 


0774 


0431 
0546 
0967 
1280 
o714 
0205 


9900999009900000000 


999900 


* Graphite. 7 Diamond. 
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TABLE 246.—Specific Heat of Varicus Solids. 


Au- 
thority. 


Temperature 
aC Cr 


Specific heat. 


Alloys: 
Bellymetal, <\° 3. \. ; 15-98 0.0858 
Brass, red . 2 F ; 5 ; ’ : ‘ (a) -08QgI 
RCMOWNL 2. hai ish eth Ok, es ) 08831 
BROT eaO PSI. ee Me ee she uct bse) cree 2s 14-98 0862 
ne SS y qe 6,9 ee ee a 20-100 . 10432 
German silver . 0-100 .09464 
Lipowitz alloy: 24. 97 Pb ae 10. 13 Cd +50. 668 Bi 
+ 14.24 Sn AD Ye eae 5-50 .0345 
owe a re etOO=150 -0426 
Rose’s alloy: 27 55 Pb - 48.9 Bi+23.6Sn .|—77-20 .0356 


. 20-89 .0552 
Wood's alloy: 25. 85 Pb + 6. 99 Cd : 52. 43 Bi 
“pia.7gou |. « 5-50 .0352 
$$ ee (Huard sar ahs sttest de 100-150 .0426 
Miscellaneous alloys: 
17.5 Sb+ 29.9 Zn ag 18. 7 Zn i 33. On Se, 1s 20-99 .056057 
37.1Sb+62.9Pb . Bh ats 10-98 .03880 
30. 9Pb + 60.1 BE : SAS tn sata bas deb 16-99 .03165 
‘ (fluid) . iS weed) fey Cas tl 14A—3e8 .03500 
63.7 Pb+36.3Sn . Sia hs Neat Beg de 12-99 .04073 
40.7 Pb-+-53.35n . WIN Shaheen ast ke 10-99 .04507 
Oo lee OAS rc re ae 20-99 . 04001 
eGR .C SM Su ees we 20-99 .04504 
Gascoal. . A oe oor ne 20-1040 63145 
Glass, normal thermometer 76" . . . 19-100 . 1988 
“French hard thermometer ; - . 1869 
CLOWN Ee ace rn fe ors , 10-50 161 
IN Sa ed ee , 10-50 
VOLS AS ne pha ae . |-188- —252 
- oY dais tm . | —78- —188 
1. ie aii . .  . | —18- —78 
India rubber (Para) .. a eee ?-100 
Mica a ‘ gi alt 20 
Parain’. ~ yee Lc Stag : . | —20- +3 
* : : —I9- +20 
0-20 
Rirenineriensietn © : : 35-40 
fluid mt Sere bere we: ‘ 60-63 
Vulcanite ah eres Ae sae eee le 20-100 
AWGrovale' 5 eS Sere ieee 20 
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TABLE 247.—Specific Heat of Water and of Mercury. 


Specific Heat of Water. Specific Heat of Mercury. 


Barnes- || Temper-| Specific ||| Temper-| Specific 


Temper- Barnes- ||| T’emper- 
- | Rowland Regnault.| | ature,°C.| Heat, ||) ature,°C.| Heat, 


ature,°C, ‘|Regnault,|| ature,°C. Barnes. 


= - 0.9988 | 0.0904 0.03346 90 0.03277 
1.0070 1.0094 +9994 | 1.0004 :03340 100 -03269 
1.0039 1.0053 I,000I | 1.0015 103335 IIo .03262 
1.0016 1.0023 1.0014 | 1.0042 .03330 120 .03255 
1.0000 1.0003 1.0028 | 1.0070 .03325 130 .03248 

*Q99L 0.9990 1.0043 | I.OI1OL ,03320 140 .03241 
+9089 9981 - 1.0162 .03316 150 10324 
+0990 9976 1.0223 .03312 I70 .0322 
+9907 9974 1.0285 .03308 I90 .0320 


1.0006 9974 1.0348 .03300 »0319 
1.0018 -9976 1.0410 103204 - 

1.0031 .9980 2 1.0476 +03280 
1.0045 9085 - 203284 


Barnes’s results : Phil. Trans. (A) 199, 1902; Phys. Rev. 15, 19025 16, 1903. (H thermometer. 
Bousfield, Phil. Trans, A 2rr, p. 199, 1911 Barnes-Kegnault’s as revised by Peabody; Steam Tables. 


The mercury data from 0° C to 80, Barnes-Cooke(H thermometer); from 90° to 140, mean of Winklemann, Naccari 
and Milthaler (air thermometer); above 140°, mean of Naccari and Milthaler, 
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228 TABLES 248-250. : 
TABLE 248. — Specific Heat of Various Liquids. 


ees Temp. Spec. Au- — Temp. Spec. | Au- 
Liquid. °C. | heat. |thority. Liquid. °C. | heat. |thority. 


o |0.529 

I5—50|0. 576 

.876 

+ I00 “ -975 
NaOH + SoH.0 .942 
+ I00 .983 

NaCl + 10H;,0 .791 
“* + 200 “ .978 
Naphthalene, CioHs.... . 396 
«“c . 409 

350 
362 
434 
438 
471 
387 
.41I 
Alper 
.980 
-938 
903 
364 
490 
-534 
20-5 2/0. 842 
20-52]/0.952 


is 9 


Pr ae a 


turpentine 
Petroleum 


CuSo, + 50 H,0 
Wao) 

+ 400 “ 

Diphenylamine, 


“ce 


o90000000000000 


References: (A) Abbot; (B) Batelli; (E) Emo; (G) Griffiths; (DMG) Dickinson, 
Mueller, and George; (H—D) de Heen and Deruyts; (Ma) Marignac; (Pa) Pagliani; 
(R) Regnault; (Th) Thomsen; (W) Wachsmuth; (Z) Zouloff; (HW) H. F. Weber. 


TABLE 249. — Specific Heat of Liquid Ammonia under Saturation Conditions. 


Expressed in Caloriess.) per Gram per Degree C. Osborne and van Dusen, 
Bul. Bureau of Standards, 1918. 
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TABLE 250. — Heat Content of Saturated Liquid Ammonia. 


Heat content = H = € + pv, where € is the internal or intrinsic energy. Osborne and van 
Dusen, Bul. Bureau of Standards, 1918. 


Temperature. ..}| —50°} —40° | —30°} —20° | —10°| 0° | +10°} +20° | +30°| +40°| +50° 


H=€+ pv...../—-53.8|—43.3|-32.6|—21.8]—11.010.0/+11.1|/+22.4|-33.9|—45.5|-57-4 
| 
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Substance. ee ee S|) Sobetanee RUE TC Beat, | oa. 
Andalusite . 0-100 | 0.1684] 1 |!) Rock-salt 13-45 | 0.219 6 
Anhydrite, CaSO, ©-100 | .1753| 1 || Serpentine . 16-95 2586| 2 
Apatite . 15-99 .1903| 2 |i Siderite 9-98 -1934| 4 
Asbestos 20-98 195 3 || Spinel . 15-47 -194 6 
Augite . 20-98 1931 | 3 | Talc 20-98 -2092| 3 
Barite, BaSO, 10-98 -1128| 4 || Topaz . : 0-100 20075) I 
Beryl . 5 .| 15-99 -1979| 2 || Wollastonite .| I9-St 178 6 
Borax, Na2B ton fused 16-98 .2382| 4 |l\ Zinc blende, ZnS.| 0-100 | .1146| 1 
Calcite, CacOs - -|  o-50 1877 | 1 |i Zircon . -| 21-51 -132 6 

o-100 | .2005]| 1 |i Rocks: 

2 s : 0-300 | .2204| I Basalt, fine, black 12-100 | .1996| 6 
Cassiterite SnOg . 16-98 0933] 4 id ss 20-470 -199 9 
Chalcopyrite 15-99 s12O0 || 2 id Ke s: 470-7 50 -243 9 
Corundum . 9-98 -1976| 4 i = ‘“ 750-880 626 9 
Cryolite, AloF¢. 6NaF 16-99 2h22)\" 2 a . “| 880-1190 | _.323 9 
Fluorite, CaF 15-99 2154] 4 Dolomite 20-98 222 3 
Galena, PbS. 0-100 | .0466| 5 Gneiss .| 17-99 .196 | 10 
Garnet . 16-100 | .1758| 2 Ff : .| 17-213 214 | 10 
Hematite, 2.03”. é 15-99 -1645| 2 Granite 12-100 +192 7 
Hornblende . 20-98 1952| 3 Kaolin 20-98 224 3 
Hypersthene 20-98 SEO) |) 9B Lava, Aetna 23-100 ZOU ir 
Labradorite . 20-98 1949] 3 . baer 31-776 | .259 | II 
Magnetite . 18-45 .156 6 «Kilauea 25-100 | .197 | II 
Malachite, CuzC OsH0 15-99 51763) 2 Limestone . 15-100 | .216 | 12 
Mica (Mg) : 20-98 2061 | 3 Marble O-I100 | .2I - 

(K) 20-98 2080| 3 Quartz sand 20-98 -IQI 3 
a 20-98 2048 | 3 Sandstone . - 22 - 
Orthoclase «| 15-99 1877 | 2 
ee tos: : rae ee 6 Hl x Lindner. 6 Kopp. 1r Bartoli. 

’ 2 : 5 37 é 2 Oeberg. 7 Joly. 12 Morano. 

tc ic 350 '2786| 8 3 Ulrich. 8 Pionchon, > 

o a Z, 3 || 4 Regnault. 9 Roberts-Austen, Riicker. 

<i pel Ra 5 Tilden. 10 R. Weber. 


Compiled from Landolt-Bérnstein-Meyerhoffer’s Physikalisch-chemische Tabellen. 
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SPECIFIC HEATS OF MINERALS AND ROCKS. 
TABLE 251.—Specific Heat of Minerals and Rocks, 


TABLE 252.—Snecific Heats of Silicates. 


1000° 


| Mean specific heats. True specific heats. 
Silicate. o° Cto at 
p 100° 500° ga0° | 1400° 0°C 100” 500 
Albite Oe ae eee .2363 |.2561 | — 17s, | <20t,| .265 
gla '.1977 |.2410 |.2640] — - - - 
Amphibole, Mg. silicate |.2033 |.2461 |.2661 |.2731*| .185 | .219 | .270 
glass . 1.2040 |.2474 | - = = = = 
Andesine «1925, |-2330 }.2525,|. — - ~ 265 
~ - glass |.1934 | -  |.2615] — - - - 
Anorthite . |.1901 |.2296 02481 |.2674 || .174 | .205 | .260 
“ glass . ||.1883, |.2305 | —- = - - = 
Cristobalite . |.1883 |.2426 |.2568 |.2680 | —- - - 
Diopside |.1924 |.2314 |.2500 |.26047|| .176 | .207 | .262 
» _ glass -1939 |.2332 | - - = = - 
Microcline . |.1871 |.2262 |.2450 | — TGA sion |) neice: 
Bs glass |.1919 |.2321 |.2514 |.2598*] .176 | .206 | .264 
Pyroxene . |.2039 |.2484 ] - - - = - 
vartz '.1868 |.2379 |.2596 |.2640* .168 | .204 | .294 
Silica glass -1845 |.2302 |.2512 | - 166 | .202 | .266 
Vv ollastonite . >it -  |.2344| - - - - 
rt glass . |.1852 |.2206 | - - - = - 
_ pseudo . |.1844 |.2170 |.2324 |.2448 | .171 | .197 | .243 


®o°=1100°; +0°-1250°; 
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Taken from White, Am. J. Sc. 47, 1, 1919. 
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Substance. 
Acetone, C;H,O....... 
Alt hE eakeicconeree 


| 


“cc 


& 8 Oe tao. le) Ou s)e ew. wis else 
@) 6 OS.8) 0 oe w wine se 66 8. 
@ 66 a 's's. 0s 0 010 0 eb 8 oe 16 


Oe iGife wis pos 6 as 08 8 ve 6 


. CH;OH......: 

AMMONIA aapeete emilee 
“ 

ATROM et, Scere weak ee 
Benzene, CgHg........ 

“e “ 

x Tepteeer a 
IBrOMINEs wel ckss Sere 


Carbon dioxide, COz... 
73 éc ce 
“cc “cc “cc a 
monoxide, CO.. 
“ce 6c 


“disulphide, CS3. 
Chlorine. 27). 1antiterces 
Chloroform, CHCl; Soe 


Ether, CyHisO....... . 


a 


Hydrochloric acid, HCl. 


Hydrogen............ 
cc 


Ce PCR ee Ye a ec 
“cc 


S070 rein e's (ais) e wineye 


x sulphide, H,S 
1 Gaiaydo) tyaecedic nae pec 
IMIGTCUNY ice) sssenewiolieeun 


INGODysieaerseeenee ete ieee 


CC ee 
Ce ee 


Nitric oxide, NO...... 
Nitrogen tetroxide, NO». 
ce ce 73 
“ce ‘é iT) 


Nitrous oxide, N2O.... 
6k “ec “ 


rr 


he e)0™ ike (ene) «Sele @ 


Sulphur dioxide, SOs... 
Water vapor, H,0 sails 
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Range of 
temp. ° C 


TABLE 253. 
SPECIFIC HEATS OF GASES AND VAPORS. 


Authority. 


26-110 
—30-+10 
0-200 
20-440 
20-630 
20-800 
108-220 
IOI—-223 
23-100 
27-200 
20-90 
34-115 
35-180 
116-218 
83-228 
—28-+7 
15-100 
II-214 
23-99 
26-198 
86-190 
16-343 
27-118 
28-189 
69-224 
25-TeD 
13-100 
22-214 
—28-+9 
12-198 
21-100 
20-206 


— 


18-208 
0-200 
20-440 
20-630 
20-800 
13-172 
27-67 
27-150 
27-280 
16-207 
26-103 
27-206 
13-207 
20-440 
20-630 
16-202 
° 
100 
180 
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Wiedemann. 
Regnault. 


Holborn and 
Austin. 


Regnault. 


Regnault. 
Wiedemann. 


Dittenberger. 


Wiedemann. 
(79 


Regnault. 
“cc 


“cc 


Wiedemann. 
cc 


Regnault. 

Strecker. 

Wiedemann. 
‘ 


Regnault. 
Wiedemann. 
Strecker. 
Regnault. 


6c 


Wiedemann. 
Regnault. 


Regnault. 


Regnault. 
Holborn and 
Austin, 


Regnault. 
Berthelot and 
Olger. 


Regnault. 
Wiedemann, 
‘ 


Regnault. 
Holborn and 
Austin. 
Regnault. 
Thiesen. 


20 


=19%3 
=7953 


° 
500 
53 
100 
100 
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Authority. 


Moody. 
Koch, 1907. 


“cc 
“cc 


Fiirstenau. 


Jaeger. 
Stevens. 
‘ 


Wiillner. 


Niemeyer. 
Pagliani. 
‘ 


Stevens. 
Strecker. 
Lummer and 


Pringsheim. 


200 atm 
“ce “cc 


Moody, 1912. 


Willner. 


Beyme. 
Martini. 
Beyme. 
Stevens. 
Miiller. 

Low, 1894. 
Mean, Jeans. 
Strecker. 


Lummer and 
Pringsheim. 
Hartmann. 
Capstick. 
Ramsay, ’12. 
Kundt and 
Warburg. 
Miller. 
Ramsay, ’12 
Cazin. 
Masson. 


“ce 


Natanson. 


Wiillner. 
Leduc, ’98. 


Lummer and 
Pringsheim. 


Ramsay,’ 12.| 


| 
| 
| 


Sr? 


3 TABLE 254. 2 ar 
LATENT HEAT OF VAPORIZATION. 


The temperature of vaporization in degrees Centigrade is indicated by #, the latent heat in 
irge calories per kilogram or in small calories or therms per gram by r; the total heat from Coles 
, in the same units by H. The pressure is that due to the vapor at the temperature /. 


Substance. Formula. | EG r H 


Authority. : 
BMCELIC ACIC... 0.00.2. C2H4O2 118° 84.9 —_— Ogier. 
Oe eee — — 50.97 — Fenner-Richtmyer. 
Alcohol: Amyl......... CsHi20 131 120 — Schall. 
Lp Se | C:H,O 78.5 | 205 255 Wirtz. 
a ae if fe) 236 236 Regnault. 
RP atc iee ss 50 — 264 “ 
op UES A "i 100 a 267 bf: 
at Pe Ae amg % 150 — 285 a 
MGEHYT os. 3 CHO OLS || 207 307 Wirtz. 
gen eos ° 289 289 Ramsay and Young. 
a: a . 50 ae 274 i a is 
Bae site ats o 100 — 246 - os 
Ce Se _ 150 —- 206 S i 
Oe ae ‘c 200 cise 152 “ce “ cc 
en, Ke 238.5 — 44.2 “ = . 

BMEPTEITIE: /oloraiis cleave eee so ae C.>H;N 184 110 — Mean. 
Mrenzene............... CeHe 80.1 92.9 | 127.9 | Wirtz. 

EOMING = 0. .j.pr6 cs le)s sh Br 61 45.6 — Andrews. 

Carbon dioxide, solid....} COz aa — 138.7 | Favre. 

= Be siguid... RY —25 72.23 — Cailletet and Mathias. 
“ “ ee “ ° 57.48 xy “ “ rT; 
eo ee | ss] ator | | manta 
“ “ “ “ eee nee at" 7; ' 
7; iT “ 7; 20se9 eae “ 
30.82 Bei = 
“« disulphide. ..... CS. 46.1 83.8 94.8 | Wirtz. 
2 . Wren 2 ° go 90 Regnault. 
ee | | | to | 
eiioroform:........... CHCl, 60.9 58.5 72.8 | Wirtz. 
| 0 See C4H, 0 34.5 88.4 | 107 oa 
BN PEP reis ts die siasc «= « - 34-9 90.5 — Andrews. 
i BRS ie Facey, «ss - ) 04 94 Regnault. 
SS Ss i aes ae 
Ethyl bromide......... C.H;Br 38.2 60.4 — Wirtz. 
ae chilotide......... C2H;Cl 12.5 — 98 Regnault. 
BTOGIGE..)../...%.+.. CHI a5 47 — Mean. 

PEVIEATICN cfevete sh -ics's siecle t C7His 90 77.8 — Young. 

ME She vec sis sles v's C.His 70 79.2 — % 
SSS I — 23.05 | — Favre and Silbermann. 
BEBUECECULY: «6c c iss 6 ss sje Hg Bie 65 — Mean. 

MMMIGLOPEN 0.052052. Ne —195.6 47.65 — Alt. 
ee CsHis 130 70.0 —_ Young. 

ECR Re eee Oz —182.9 50.07 —_ Alt. 

MMEMEATIC. 0. eee CsHiz 30 85. — Young. 
a S 316 362. — Person. 


ap adieiie : Cailletet and Mathias. 
“cs “ “ ce 


eee eee ae 
se eee wae 


CO ee cd 
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TABLES 255-257. 
LATENT HEAT OF VAPORIZATION. 


232 


TABLE 255. — Formulae for Latent and Total Heats of Vapors. 


r = latent heat of vaporization at t?C; H = total heat from fluid at o° to vapor at #?C. T° refers to Kelvin 
scale. Same units as preceding table. 


Acetone, CsHsO 140.5 +0.36644t — 0.0005167 
139.9 + 0. 23356t + 0.000553587 
139.9 — 0.27287t + 0.00015717 
Benzene Cglige:os-.cheee 109.0 + 0.24429 — 0.00013157 
Carbon dioxide 118. 485(31 — 4) — 0.4707(31 — #)® 
Carbon bisulphide, CS2.... 90.0 + 0.14601f — 0.00041237 
H -§ 0.16993! — 0.0010161f + 0.053423 
.5 — 0.06530t — 0.0010976f + 0.05342/3 
Carbon tetrachloride, CCl:. .0 + 0.14625t — 0.000172 
-9 + 0.17867t — 0.0009590% + 0.0537338 
r -9 — 0.01931f — 0.0010505f + 0.0537338 
Chloroform, CHCls .o+0.1375! 
.0 +0.14716f — 0.00000377 
.0 — 0.08519! — 0. 00014447 
Ether, CsH100 .0 +0.45000t — 0.0005556/ 
© — 0.07900f — 0.00085147 
177000 — 2.57 (cal/g-atom) 
68.85 — 0.2736T 
131.75(36.4 — t) — 0.928(36.4 — t)? 
69.67 — 0. 2080T 
128000 — 2.57 (cal/g-atom) 
Sulphur dioxide 91.87 — 0.38424 — 0.000340 
Tungsten r 217800 — 1.87 (cal/g-atom) 
Water, H20 H = 638.9 + .0.3745(t — 100) — 0.00099(t — 100)? 
r = 94.210(365 — #)9"31249 (See Table 259) 


Molybdenum 
Nitrogen, Nz 
Nitrous oxide, N2O 
Oxygen, Oz 
Platinum 


Hud du wa 


sleet al et aa P-P-tP-b-t Pet lel P-P-t 


R, Regnault; W, Winkelmann; C, Cailletet and Mathias; A, Alt.; D, Davis; H, Henning; L, Langmuir. 


TABLE 256.—Latent Heat of Vaporization of Ammonia. 
CALORIES PER GRAM. 


HO OHO WO QoOox 
HNO ON O COWWO 
RAOAD AKON 
OfRONN UNwWaTDhbd 


Osborne and van Dusen, Bul, Bureau Standards, 14, p. 439, 1918. 


TABLE 257. — “Latent Heat of Pressure Variation” of Liquid Ammonia. 


When a fluid undergoes a change of pressure, there occurs a transformation of energy into heat or vice versa, which 
results in a change of temperature of the substance unless a like amount of heat is abstracted or added. This change 
expressed as the heat so transformed per unit change of pressure is the “latent heat of pressure variation.” It is ex. 
pressed below as Joules per gram per kg/cm?. Osborne and van Dusen, Joc. cit., p. 433, 1918. 


Temperature°C} —44.1 —39.0 —24.2 —o.2 +16.5 +26.5 +35.4 +40.3 


Latent heat....| —.055 —.057 —.068 —.088 —.107 —.123 —.140 —.150 
| 
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‘ TABLE 258. 233 
LATENT AND TOTAL HEATS OF VAPORIZATION OF THE ELEMENTS. 


The following table of theoretical values is taken from J. W. Richards, Tr. Amer. Electr~ch. 
Soc. 13, p. 447, 1908. They are computed as follows: 87, (8 = mean value atomic specific 
heat, Dulong-Petit constant, o° to T° K, Tm = melting point, Kelvin scale) plus 27,, (latent 
heat of fusion is approximately 27, J. Franklin Inst. 1897) plus 10(Ts — Tm) (specific heat 
of liquid metals is nearly constant and equal to that of the solid at Tm, T, = boiling point, Kelvin 
scale) plus 237, (23 = Trouton constant; latent heat of vaporization of molecular weight 
in grams is approximately 23 times 7.) = 337s. Total heat of vapor when raised from 273° K 
(0° C) equals 337, — 1700 (mean value of Dulong-Petit constant between o° and 273°K is 
1700). Heats given in small calories per gram. 


Latent 
heat of 
vapori- 
zation. 


33,000 
37,000 
38,000 
40,300 
43,000 103,000 
54,900 113,000 
56,400 129,000 
60,000 
63,400 
66,700 
74,600 
76,600 
78,800 
793500 
84,000 
85,400 
87,200 
88,000 
89,000 


a 
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234 TADLE &2awwe 
PROPERTIES OF SATURATED STEAM. 
Metric and Common Units. 


Reprinted by permission of the author and publishers from ‘‘ Tables of the Properties of Steam,’’ Cecil H. Peabody, 
8th edition, rewritten in 1909. Calorie used is heat required to raise 1 Kg. water from 15° to 16°C. B. 'T. U. is heat 
required to raise 1 pd. water from 62° to 63° F. Mechanical Equiv. of heat used, 778 ft. pds. or 427 m. Kg. Specific 
heats, see Barnes-Regnault-Peabody results, p. 227. Heat of Liquid, q. heat required to raise 1 Kg. (1 lb.) to corre- 
sponding temperature from 0° C. Heat of vaporization, r. heat required to vaporize 1 Kg. (1 lb.) at corresponding tems 
perature to dry saturated vapor against corresponding pressure; see Henning, Ann. der Phys., 21, p. 849, 1906. Total 
Heat, H=r-+q, see Davis, Tr. Am. Soc. Mech. Eng., 1908. | 


Pressure Heat of the Hest or a Be 
: Liquid. Vaporization. Internal Work 


rees 
Fahrenheit. 


Deg 


‘Temperature 


Kg. 4 = 2 : n : 
Mercury, | per sq, cm. | per sq. in. Calories. |B. T. U.|Calories.| B. T. U. |Calories.} B. T. U. 
; p. E 


0.00623 | 0.0886 
.00839 1265 
01252 1780 
.01737 .2471 
02381 -3386 


.03221 4581 
.O43L1 .6132 
05713 8126 
.07495 1.0061 
09743 1.3858 


-12549 1.7849 
.16023 2.279 
.20284 2.885 
-2547 3-623 
S075 4.516 


+3929 
.4828 
-5894 
‘7149 


7425 
-7710 
8004 


8307 


.8620 
8942 
9274 
.g616 
‘9970 


1.0333 
1.0707 
1.1093 
1.1490 
1.1898 


1.2319 
1.2752 
1.3196 
1.3053 
1.4123 


1.4608 
1.5106 
1.5017 
1.6144 
1227.1 1.6684 


NR NHN NN 


1267.9 1.7238 
1309.8 1.7808 
1352.8 1.8393 
1397.0 1.8993 
1442.4 1.9611 


OU Can SN O 
MOHHM NOWRA 


NNN WN 
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TABLE 259 (continued), 


2 
PROPERTIES OF SATURATED STEAM. 35 


| = Metric and Common Units. 


! : , ; 
If a is the reciprocal of the Mechanical Equivalent of Heat, p the pressure, s and o the specific volumes of the 
he and the saturated vapor, s —.o, the change of volume, then the heat equivalent of the external work is Apu = 


s—o). Heat equivalent of internal work, p= r— Apu. For experimental sp. vols. see Knoblauch, Linde and 
Jebe, Mitt. iiber Forschungarbeiten, 21, p. 33, 1905. Entropy = S dQ/T, where dQ = amount of heat added at ab- 
Pluie temperature [. For pressures of saturated steam see Holborn and Henning, Ann. der Phys. 26, p. 833, 19083 

jr temperatures above 205° C. corrected from Regnault. 


Heat Equivalent 


192.6 .0832 .00519 


of External Specific Volume. Density. = os 
Soe S| Bateopy | or eves He 
of the : MPR TONE Pci | an. Seo a eee 
Liquid. ration. | Cubic Meters | Cubic Feet Kilograms Pounds Bers 
Calories.| B.T.U. per Kilo- per per Cubic per ayes 
gram Pound. Meter. Cubic Foot. 
Apu. 6 oa s s 1 1 
Fo ee eR AS eal Os ee eee 
54-2 | 0.0000 | 2.1804 | 206.3 3304. 0.00485 | 0.000303 
55-2 0183 | 2.1320 | 147.1 2350. .00680 .0C0424 
. 31-2 |) 50.1 .0361 | 2.0850 | 106.3 1703. .00941 eee 
me tS | 30-7 | 57-1 0537 | 2.0396 77.9 1248. -01283 .0oo8ol 
F 20 | 32.2 | 58.0 0709 | 1.9959 | 57.8 926. .01730 | .001080. 
25) | 32:5 | 50:0 0878 | 1.9536 43-40 695: 02304 001 439 
| 3° | 33 59-9 1044 | 1.9126 32.95 528. 03035 001894 
HW} 35 | 33 60.9 -1207 | 1.8728 25.2 404.7 .03960 002471 
| 4° | 34.3 | 61.8 1368 | 1.8341 19.57 313.5 OSII 003190 
mie 45 | 34.8 | 62.7 1526 | 1.7963 15.2 244.4 .0056 004092 
i) 55 | 359 | 64.6 11835 1.7242 9.56 153.2 .1046 .00653 
| | 60 36.4 | 65.6 | .1986 | 1.6899 7.66 122.8 .1305 00814 
Hi} 65 | 36.9 | 66.5 2135 | 1.6563 6.19 99.2 1615 01008 
37-4 | 67.4 2282 | 1.6235 5.04 80.7 1984 01239 
38.0 | 68.5 2427 | 1.5918 4.130 66.2 2421 .OI510 
38-5 | 69.3 | .2570 | - 1.5609 3-404 54.5 .2938 £01835 


45.23 3541 02211 
27.07 4241 .02648 


36.45 | -4395 102743 
35-19 4552 02842 
34.00 47 13 02941 


BOOM 7-5 2961 | 1.4779 2.050 32.86 -487 03043 
40.0 | 72.0 2989 | 1.4723 1.980 31-75 505 03149 
ZO} a | 5) 3016 | 1.4666 1.913 30.67 52 .03260 
40.2 2.3 3043 | 1.4609 1.849 29.63 541 03375 
40:3) 72.5 3070 | 1.4552 1.787 28.64 560 03492 
40.4 | 72.6 3097 | 1.4496 1.728 27.69 579 .03611 
40.5 | 72.8 3125 | 1.4441 1.671 26.78 598 03734 
40.6 | 73.0 3152 | 1.4386 1.617 25.90 618 .03861 
40.6 | 73.2 3179 | 1.4330 1.564 25.06 | .639 .03990 
AOA 57353 3205 | 1.4275 1.514 24.25 661 04124 
40.8 | 73.5 3232 | 1.4220 1.465 23.47 683 04261 
40.9 | 73-7 3259 | 1.4165 1.419 22.73 | -70 .04400 
41.0 | 73.8 3286 | 1.4111 1.374 22.01 72 04543 
41.1 | 74.0 3312 | 1.4057 1.331 21.31 hr 04692 
Ateoye| AL 3339 | 1.4003 1.289 20.64 776 04845 
41.3 | 74.3 3365 | 1.3949 1.248 19.99 Relop .0500 

41.4 | 74.5 3392 | 1.3895 1.209 19.37 827 .O516 

41.4 | 74.6 3418 | 1.3842 1.172 18.77 853 0533 

41.5 | 74:8 3445 | 1.3789 1.136 18.20 880 0550 

ALO)4|) \7.5:0 3471 | 1.3736 1.101 17.64 908 .0567 


41.7 msal 3498 | 1.3683 1.068 17.10 936 0585 
Argo 77553 +3524 | 1.3631 1.036 
41.9.1 75-4 3550 | 1:3579 1.005 
42.0 | 75.6 | .3576 | 1.3527 0.9746 
42.1 | 75.8 3602 | 1.3475 0.9460 


2.2 
se 


16.59 965 .0603 
16.09 995 .0622 
15.61 | 1.026 .0641 
15-16 | 1.057 0659 
14.72 | 1.089 .0679 
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2 36 TABLE 259 (continued). 
PROPERTIES OF SATURATED STEAM. 
Metric and Common Units. 


Heat of Heat of Heat Equivalent of 
Pressure. the Liquid. Vaporization. Internal Work. 


perature j 


Degrees. 
anrennelt 


Degrees 
Centigrade. 


per sq. | Calories. | B. T. U. | Calories. | B. T. U. | Calories. | B. T. U. 
in. 


Tem 


Temperature 


2 


NNN NH WL 


Oo ON QU WHR O 
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i TaBLe 259 (continued). 23 7 
PROPERTIES OF SATURATED STEAM. 
Metric and Common Units. 


Heat Equivalent 
of External Work. 


Specific Volume. Density. 


Entropy Entropy 

of the of Evapo- : a a eee ey 
Liquid. ration. Cubic Cubic |Kilograms} Pounds 
Calories.| B. T. U. Meters per| Feet per | per Cubic} per Cubic 
Kilogram. Pound. Meter. Foot. 


‘. Apu. Apu. 6. os Ss Se 


Temperature 
Degrees 
Centigrade 
Temperature 
Degrees 
Fahrenheit. 


faa 


120 42.2 76.0 | 0.3654 1.3372 | 0.8914 14.28 
121 42.3 76.2 3680 1.3321 8653 13.86 
122 42.4 76.4 23705 1.3269 8401 13.46 
123 42.5 | 76.5 3731 1.3218 8158 13-07 


12 426, | 76:7 3750 1.3167 7924 12.69 


LO Le we) 


(on Minin & 
LIDOES 
Ni AWO 


125 42.7 76.8 3782 1.3117 7698 12.33 
126 28, || 77.0 3807 1.3067 -7479 11.98 
127 Beg) | 77.0 3833 1.3017 .7267 11.64 
128 43-0 VRS 3858 1.2967 .7003 11.32 
129 43-0 77-4 3884 1.2917 .6867 11.00 


OCU UEC SOmee 


NwHHN Wb 
RAR ADO 


130 43.1 77.6 -3909 1.2868 .6677 10.70 
131 43-2 W707, 3934 1.2818 -6493 10.40 
132 43-3 77-9 3959 2769 6315 10.12 
133 43.3 78.0 3985 .2720 -6142 9-839 
134 43.4 78.1 4010 -2672 -5974 9.569 


135. | 43-5 | 78.3 | -4035 -2623 | .5812 | 9.309 
136 43-6 | 78.4 .4060 +2574 5656 9.060 
137 43-6 78.5 -408 5 2526 5506 8.820 
138 43-7 78.7 4110 2479 5301 8.587 

139 43.8 | 78.8 -4135 .2431 5219 8.360 


140 43:9 | 78.9 -4160 .2383 5081 8.140 
141 43-9 79.1 4185 2335 4948 7-926 
142 44.0 79.2 -4209 2288 .4819 7.719 
143: «| «44-0 | 79.3 -4234 12241 .4694 7-519 

144 | 44.2 | 79.5 4259 -2194 -4574 7-326 


"145 | 44.2 | 79.6 4283 -2147 -4457 7-139 
"146 | 44.3 | 79.7 4307 .2100 4343 6.957 
147 *| 44.4 | 79-9 -4332 »2054 -4232 6.780 

148 44.4 80.0 43 3° .2008 4125 6.609 
149 44.5 80.1 4380 .1962 -4022 6.443 


150 44.6 | 80.2 -4405 1916 .3921 6.282 
ISI 44.6 80.4 -4429 .1870 3824 6.126 
152 | 44.7 | 80.5 4453 .1824 +3729 5-974 
153 44.8 80.6 4477 1778 -3637 5.526 
154 44.8 80.7 .4501 1733 3548 5-683 


155 | 44.9 | 80.9 “4525 -1688 -3463 5.546 
156 45.0 81.0 -4549 .1644 3380 5-413 
eis7 45.0 | 81.1 4573 -1599 3298 5.282 
15s 45.1 81.2 .4596 1554 .3218 5-154 

159 45.2 | 81.4 4620 1509 -3140 5.029 


mo | 45-3 | 81.5 4644 1465 3063 4.906 
161 45.3 81.6 .4668 1421 2989 4.789 
162 HEA | 81.7 .4692 .1377 -2920 4.677 
163 | 45-5 | 81.8 4715 1333 | -2855 | 4.571 
164 | 45-5 | 81.9 4739 .1289 -2792 4.469 


165 45-6 82.0 4763 1245 2729 4. 368 
166 45-6 | 82.1 .4786 1202 .2666 4.268 
167 45.7 | 82.2 .4810 .11T59 2603 4.168 
me | 45.7 | 82.4 .4833 SELES .2540 4.070 
169 8 5 ; .1072 .2480 3.975 
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TABLE 259 (continued). 


PROPERTIES OF SATURATED STEAM. 


238 

5 aia Pressure. 
Boe 

a Bo? Mm. Kg 
EAS of per sq 

Be oO Mercury. cm. 
t. p- p- 
170 5937 8.071 
171 6081 8.268 
172 622 8.469 
173 6379 | 8.673 
174 6533 8.882 
175 | 6689 | 9.094 
176 6848 9.310 
177 7010 9.531 
178 7175 | 9-755 


179 7343 | 9.983 


180 7514 | 10.216 
181 7088 | 10.453 
182 7866 | 10.695 
183 8046 | 10.940 
184 8230 | 11.189 


185 8417 | 11.44 
186 8608 | 11.70 
187 8802 | 11.97 
188 8999 | 12.24 
189 g200 | 12.51 


wee 9404 | 12.79 
I9l 9612 | 13.07 
192 9823 | 13.36 
193 | 10038 | 13.65 
194 | 10256 | 13.94 


195 | 10480 | 14.2 

196 | 10700 | 14.55 
197 10930 | 14.87 
198 I1170 | 15.18 
199 | I1410 | 15.51 


200 | 11650 | 15.84 
201 11890 | 16.17 
202 L2TAG%)|| LO. 
203 | 12400 | 16.85 
204 | 12650 | 17.20 


205 | 12920 | 17.56 
206 | 13180 | 17.92 
207 13450 | 18,2 

208 | 13730 | 18.66 
209 | 14010 | 19.04 


210 | 14290 | 19.43 
2r1 14580 | 19.82 


212 14870 | 20.22 
213 | 15170 | 20.62 
214 | 15470 | 21.03 


215 | 15780 | 21.45 
216 16090 | 21.838 
217 16410 | 22.31 
218 16730 | 22.74 
219 | 17060 | 2319 


220 | 17390 | 23.64 


[Oo ee) 


DOW BWW NN 
Unt (o) gO eo cea 
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Metric and Common Units. 


B. T. U. | Calories. 


Heat of 
the Liquid. 
Calories. 

q. q: 
171.6 | 308.9 
172.6 | 310.7 
Give pe ie shee P(} 
174-7 | 314-5 
175-7 | 316.3 
TO: |ea hue 
177.8 | 320.0 
178.8 | 321.8 
179.9 | 323.7 
180.9 | 325.6 
ROU +i, 327-5 
153,0 slma2zor3 
184.0 | 331.2 
185.0 | 333-0 
186.1 | 334.9 
187.1 | 336.8 
188.1 | 338.6 
189.2 | 340.5 
190.2 | 342.4 
191.2 | 344.2 
192.3 | 346.1 
1903'S) || 347-9 
194-4 | 349.8 
EOS Aiieooese 
196.4 | 353-5 
197-5 | 355-4 
198.5 | 357-3 
199-5 | 359-2 
200.6 | 361.1 
201.6 | 362.9 
202.7 | 364.8 
203.7 | 366.7 
204.7 | 368.5 
205.8 | 370.4 
206.8 | 372.3 
207.9 | 374.1 
208.9 | 376.0 
210.0 | 377.9 
211.0 | 379.8 
212.0 | 381.6 
213.1 | 383-5 
214.1 | 385.4 
205-2 gore 
216.2 | 389.2 
217 3ta eee O Wel 
218.3 | 392.9 
219.3 | 304.8 
220.4 | 396.7 
221.4 | 398.5 
222.5 | 400.4 
223.5 | 402.3 
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Heat of 
Vaporization. 


r. 


488.7 
487.9 
487.1 
486.3 
485.5 


484.7 
483-9 
483.1 
482.3 
481.4 


480.6 
479.8 
479.0 
478.2 
477-4 


476.6 
4757 
474.8 
474.0 
473.2 


472.3 
471-5 
470.6 
469.8 
468.9 


468.1 
467.2 
466.4 
465.6 
464.7 


463.8 
462.9 
462.1 
461.2 
460.3 


459-4 
458.6 
457-7 
456.8 
455.9 


455,0 
454.1 
453.2 


452.4 


451.5 


450.6 
449.6 
448.7 
447.8 
446.9 


446.0 


B. T. U. | Calories. 


fr. 


879.6 
878.3 
876.9 
875.4 
873-9 


872.4 
871.0 
869.5 
868.1 
866.6 


865.1 
863.6 
862.2 
860.7 
859.2 


857-7 
856.3 
854.7 
853.2 
851.7 


850.2 
848.7 
847.1 
845-6 
844.1 


842.5 
841.0 
839.5 
838.0 
836.4 


834.8 
833-3 
831.5 
830.2 
828.6 


827.0 
825.4 
823.8 
822.2 


820.6 


819.1 
817.4 
815.5 
814.3 
812.7 


811.0 
809.3 
807.7 
806.1 
804.5 


802.9 


Heat Equivalent 


of Internal Work. 


BOT. Uy 


af af ff 


Temperature 
Degrees 
Fahrenheit. 


TABLE 259 (continued). 239 
PROPERTIES OF SATURATED STEAM. 


Metric and Common Units. 


Heat Equivalent 


Die vs Specific Volume. Density. ee 
: ee of External Work. coy Entropy Z 23 
ise of the of Evapo- 5 : ; cee 
B bop item SOE Cubic Cubic Kilograms | Pounds ae 
EQ = | Calories.| B. T. U. Ser * | Meters per| Feet per | per Cubic | per Cubic EA 
Tals Kilogram. | Pound. Meter. Foot. ao 
Apu Apu () z s Ss. .. : t 

170 45.9 | 82.6 0.4880 1.102 0.2423 3.883 127 0.2575 338.0 
171 AGO. |) 82.7 4903 1.0987 2365 3-794 223 2636 339-8 
172 46.0 | 82.8 4926 1.0944 2314 3.709 ~322 2696 | 341.6 
173 46.1 82.9 4949 1.0901 2262 3.626 421 2758 343.4 

521 2821 345.2 


179 | 46.4 | 83.5 5087 | 1.0649 1983 | 3-177 5.04 3148 | 354.2 
180 46.4 | 83.6 5110 1.0608 1941 3.109 uly 13217 356.0 
181 46.5 | 83.7 5133 1.0567 .1899 | 3.041 5-27 3288 | 357.8 
182 46.5 | 83.8 5150 1.0525 .1857 2.974 5-38 3362 359-6 
183 46.6 83.8 5178 1.0484 1817 2.911 5.50 3435 361.4 
184 46.6 | 83.9 5201 1.0443 1778 2.849 5.62 Gu || Sleek 
185 46.7 84.0 522 1.0403 1740 2.787 5:75 88 65.0 
186 46.7 84.1 5246 1.0362 1702 2.727 5.83 336, 368 8 
187 46.8 84.2 5269 1.0321 1666 2.669 6.00 3746 368.6 
188 46.8 84.3 5291 1.0280 1632 2.614 6.13 3826 370.4 
189 46.9 | 84.3 5314 1.0240 1598 2.560 6.26 3906 | 372.2 
190 46.9 | 84.4 5330 | 1.0200 1565 | 2.507 6.39 3989 | 3740 
191 47.0 | 84.5 5358 1.0160 1533 2.45 6.52 4072 375 

192 47.0 | 84.6 5381 1,0120 1SOI 2.405 6.66 4158 377.6 
193 | 47.0 | 84.6 §403 | 1.0080 1470 | 2.355 6.80 4240 | 379.4 
194 47.0 84.7 5426 1,0040 1440 2.30 6.94 4336 381.2 
195 47.1 84.8 5448 1.0000 1411 2.259 7.09 4426 383.0 
190 47.1 84.9 5470 0.9961 1382 2.214 W323 4516 384.8 
197 | 47.2 | 84.9 5492 9922 1354 | 2.169 7-38 4610 | 386.6 
198 47.2 5:0 5514 9882 1327 2.126 7-53 4704 388.4 
199 | 47-3 | 85-1 5536 9843 1300 | 2.083 | 7.69 4801 | 390.2 
200 A773 | S5.t 5558 9804 1274 | 2.041 7.84 4900 | 392.0 
201 47.3 85.2 5580 9765 1249 2.001 8.00 4998 393.8 
202 APB Nit 52 5602 972 122 1.962 8.16 510 395-6 
203 47-4 | 85.3 562 9688 1201 1.923 8.33 520 397-4 
204 | 47-4 5:3 5646 9650 1177 | 1.885 8.50 531 399.2 
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240 TABLE 260. 
LATENT HEAT OF FUSION. 


This table contains the latent heat of fusion of a number of solid substances in large calories per 
kilogram or small calories or therms per gram. It has been compiled principally from Landolt 
and Bornstein’s tables. C indicates the composition, 7 the temperature Centigrade, and & the | 
latent heat. 


Substance. Authority. 


Alloys: 30.5Pb-+ 69.5Sn . : : Spring. 
36.9Pb + 63.1Sn . ° ) Ls 
63.7Pb + 36.3S5n . 
77.8Pb + 22.2Sn 5 5 

Britannia metal, 9Sn + ob | - }. Ledebur. 

Rose’s alloy, 
24Pb + 27.3Sn + 48.7 Bi : : Mazzotto. 

25.8Pb-+ 14.75n ” 

Wood's alloy } raph aero t 

Aluminum . : é : é ; Glaser. 

Ammonia . ; 5 - . i : Massol. 

Benzene ce ba os : k Mean. 

Bromine . 5 . : Regnault. 

Bismuth . ; . : i i Person. 

Cadmium . c ‘ Cd : : € 

Calcium chloride F CaCl, + 6H20 ‘5 ‘ - 

Copper : 5 Cu : Mean. 

Iron, Gray cast . - Gruner. 

“ W hite 6é — “ 
“« Slag . - : | 

Iodine I : Favre and Silbermann. 

Dickinson, Harper, 
v H,0 } Osborne.t ‘ 
c : c . : . g : Smith. 
“(from sea-water) . - . } HAO + 3.535 —8. : Petterson. 

headin c F 4 . : Mean. 

Mercury . : . : : , Person. 

Naphthalene i ! Pickering. 

Nickel : Ni : Pionchon, 

Palladium . , Violle. 

Phosphorus : z Petterson. 

Platinum . . ‘ Violle. 

Potassium . . 6 y Joannis. 

Potassium nitrate : : Person. 

Phenol : 5 : * ; ‘ Petterson. 

Parafiin |< : : - fs : . Batelli. 

Silver < . . . ° : Person. 

Sodium. : . . 9 : Joannis. 

“nitrate by 


«© phosphate . : ; 7 bs 


Spermaceti mi | ee : ; Q Batelli. 
Person. 
c 5 5 i Mean. 
Wax (bees), : ° : : : tt 
Zine». : ° : - : : < 


* Total heat from 0° C. | 
+ U. S. Bureau of Standards, 1913, in terms of 15° calorie. 


t 1903, based on electrical measurements, assumiing mechanical equivalent = 4.187, and in terms of the value of the 
international volt in use after rgi1. 
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, TABLES 261-262. 241 
TABLE 261.— Heat of Combustion of Some Carbon Compounds. 


Kg. cal. K Kg. cal. 
 |Kg. cal — |Kg. cal. 
Compound. Formula. ber 8 per g Compound. Formula. i g per g 
—— 1 

Paraffins: Alcohols: 

INMethARe, Gil... sce es oe CH, 214p | 13.30 Methyl, | CH.O 17op | 5.31p 

HEEHABE, Bisel. cic siccccas 0s C2Hs 371p | 12.40 1 A Oar pape eie C:H;O 327p | 7.10p 

PLGUANEGS IDs ts cieievaeld were C3Hs 528p | 12.0p n-propyl, l.... .. | CsHsO 483p | 8.00p 

BREULANOS 2.6 excites 5.010 CsHio 6387p | 11.8) n-butyl, | CsHwO 644p | 8.680 

SBN til EA eee CeHis o95p | 11. 6v 1\vck 1) Aer ar Ber CsHi20 788p | 8.96p 

n-Heptane,1........... C7Hie 1139p | 11.4 || Ethers: 

BRO CEANIG: Viasat cere aces CsHis IZI5p | IL.5v Dimethyl, g......... C2HeO 346p | 7.60p 

IORI) CioH22 | 1626p | 11.40 Diethyl vie wen nese oe C4Hiw0O 660p | 8.92p 
Olefines: Ethyl-methyl, v...... C3HsO 506p | 8.43p 

Bthylene; ~.. 6. ccceees CoH, 343p | 12.2p || Acids: 

PEO pPVLENE | Bo. soi. os we C3He 4960p | 11.80 ormicy le. aseeeecc CH202 62p | 1.3570 

i-Butylene, g.. ..| CaHs O51p | 11.6p Acetic, li... ..| CeoHsO2 210p | 3.4090 

Amylene, l.... CsHio 804p | 11.5) Propionic, 1. . .-] CsH6O2 368p | 4.060 

Hexylene, 1... CeHiz 962p | 11.40 MEDS LIC Us are csieces CsHsO2 525) | 5.950 
Acetylene, g.... C2He 313p | 12.0p Bacticnl os. sce sos CsH«Os 330p | 3.660 
Trimethylene, g. C3He 503p | I1.9p 
Benzene, ]...... CeHe 781p | 10.0f || Cellulose, s............ CeH10s 680 | 4.88 
Benzene, g...... CeHe 788p | 10.1 || Dextrine,s............ Ci2H 20010 414 — 
Naphthalene, 1. . CioHs 1235p o.60))!| Glycerine, Voi. vcice'e.c 0:4 o'e C3HsO3 307 4.32 
Toluene, l....... 5 ..| C7Hs 0370 || 10.20,)||| Phenol; Vio. cc ecece cee CsHsO 735 7.81 
Chloroform, v....... ..| CHCls 70 — Sugary canes Succ cccaes Ci2H2201 | 1353 3.950 
Carbon disulphide, 1. el ueos Dea pes A80 oN SLAECHG Sass c-esio/re icicle CeH100s 685 4.23 
Methyl-chloride, g ....... CH:Cl LOOP | 3326D: | Thy Mol Vii scree oe ccieyes CioHuO 1353 | 9.02p 
Ethyl-chloride, v......... CAHECIE | sa2pn lh sutopul| Urea 1 iii s ccc see ce CO(NH2)2} 152 2.53 


v, p, following the heats of combustion, signify at constant volume and pressure respectively. When re- 
ferred to constant pressure, the values are 0.58 Kg-cal. greater (at about 18°C) for each condensed gaseous 
molecule. The values are means from various observers. The combustion products are gaseous COs, liquid 
water, etc. 


TABLE 262.— Heat of Combustion — Miscellaneous. 


Small 8 Small 8 
Substance. ae 5 Substance. a eo g 
Cc) o 
substance. 2 substance. 2 
REMAN rer ateratet Aaase) iia s vstaSctad etal ds 9530 I Oils: petroleum: 
REM eT Pcie a ais die ainye Llaiaters’s ere 9200 - GIG Gea aia cie a eikibialsratols) gle ievs 2 
Carbon: amorphous.............. 8080 2 VES EE ay cims\cteracetenes ovis srsralersierstore 2 
GUBECO sree ic sfas nis /ale cieie'-'e 8100 2 PEIN guns aroocouauaeo bd Ce 2 
CREVEC Gin dae ons et ee 7860 3 FADE ots cleiarcata eve eo. ne saya etee as 6 
PTPMALE Oreos fave aise daccvals« 7900 3 SOEUIM elves «wists ds 0 Bos, Ws aleveleres 7 
Memper (tO CUO) ccc cecweces ees 590 5 Paraffin (to COs, H2Ol)........... 6 
Dynamite, 75%..... Acre eee errr tee 1200 4 Parafain' (to CO:, HaO'g)..../....... 6 
mee, white of........... Geet ena e 5700 - Piticley- ppt wate omits elas ciavere s.alie"ere - 
RV OE OLS cst sien ssaas eee 8100 ~ Sulphur hOMbie sg cieleclse nse s 2 
PRRPRELOIIIG raven dieraiort raja .s eta 0 oie e,4y0;s 9500 2 Sulphursmonoclinies. css \ceisinee si 5 
| TEN iyi en 5900 - dF ecg eA Oi bereeicnteeer Retcreomoucis icin 6 
Hydrogen........ Mra trie sid olathe 33900 2 Woods: beech, 13% H20.......... 8 
BGM (to FerOs).........ceeccesess 1582 - birch, 12% H2O.......... 8 
‘Magnesium (to MgO)............. 6080 - Oalen TZ) HOw es seis nes 8 
Me COttON-BECd. 6. c cc cee s 9500 = DING} E27 ekdsO sj eiaisie sles is < 8 
) ICM Crit eeraatatatavay avpiuelai's: eieceroners 9300 2 
; iN Eo acre RR SE pee eee 9400 2 
References: (rx) Slossen, Colburn; (2) Mean; (3) Berthellot; (4) Roux, Sarran; (5) Thomsen; (6) Stoh- 


Mann; (7) Gibson; (8) Gottlieb. 
nc aE EE SE ae ge Ld a0 20 eng a | 
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HEAT VALUES AND ANALYSES OF VARIOUS TYPES OF FUEL. 


(a) Coats. 

o o “4 8 [=| “ag 
5 me S = bo 8 Be 8 g ps 
Coal. = 33 Ee a a § 5 2 ES 5 He 
° © FS Bad E ES ra) s [e) "a Aas] 
= - ev 4 q a v 3 RA, 
ree Low grade.| 38.81 | 25.48 | 27.29 8.42 | 0.97 | 7-00 | 37.45 | 0.50 | 45.57 | 3526 6347 
Peat (Hiv grade] 33.38 | 27.44 | 29.62 9.56 | 0.94 ] 6.77 | 41.32 | 0.67 | 40.75 | 3004 7189 
Sub-bitu- { Low grade.| 22.71 | 34.78 | 36.60 5.91 | 0.29 | 6.14 | 52.54 | 4.03 | 34.09 | SITS 9207 
‘minous | High grade] 15.54 | 33.03 | 46.06 5.37 | 0.58 | 5.89 | 60.08 | 1.05 | 27.03 | 5865 | 10557 
Bitu- Low grade.| 11.44 | 33.93 | 43.92 | 10.71 | 4.94] 5.39 | 60.06 | 1.02 | 17.88 | 6088 | 1005 
minous | High grade] 3.42 | 34.30 | 58.83 3-39 | 0.58 | 5.25 | 77.98 | 1.29 | 11.51 | 7852 | 14134 
eee | Low grade] 2.7 14.5 75.8 4.3 0.99 | 4.58 | 80.65 | 1.82 4.66 | 7845 | 14121 
minous | Highgrade| 3.26 | 14.57 | 78.20 3.07 | 0.54 | 4.76 | 84.62 | z.02 5.09 | 8166 | 14699 
Semi-anthracite ..... 2.07 9.81 | 78.82 9.30 | 1.74 | 3.62 | 80.28 | 1.47 3.59 | 7612 | 13702 
Anthra- { Low grade.| 2.76 2.48 | 82.07 | 12.69 | 0.54 | 2.23 | 79.22 | 0.68 4.64 | 6987 | 12577 
cite High grade] 3.33 3.27 | 84.28 9.12 | 0.60 | 3.08 | 81.35 | 0.79 5.00 | 7417 | 13352 
Oven Low grade.| 1.92 1.58 | 88.87 8.99 | 1.18 _ _ — — 7946 | 14300 
coke High grade] 1.14 0.04 | 94.66 3.57 | 0.69} — -- _ os 8006 | 14410 

(6) PEats AND Woop (air dried) 


Vol. . ° 
Fixed Sul- | Hydro- Nitro- 
hydro- Ash. Carbon. Oxygen.| per per 
carbon. carbon. phur. | gen. gen. gram. | pound. | 
Peats: 
Franklin Co., N. Y...] 67.10 | 28.99 B°Or || (o.r5 5.93 | 57-17 | 2:48 | 312.36 ]-5720 10307 
Wee Co., Wis.....| 56.54 | 27.92 | 15.54:| 0.290 | 4.71 | 53.00 |] 1.92 | 26.54 | 4867 8761 
oods: 
OFM Glen aoaogoons: _ —_ 0.37 —_ 6.02 | 50.16 | 0.09 | 43.36 | 4620 8316 
BITCH WOLy sac retetm ale sterols _— oo 0.20 = 6.06 | 48.88 | 0.10 | 44.67 | 4771 8588 
Pines diryiciteyesrere orcs — a 0.37 — 6.20 | 50.31 | 0.04 | 43.0) 5085 9153 
(c) Liguip FUELs. 
‘ nt : Briti wa 
Fuel. ele re y Calories per gram. Bean hae, 
Petroleumiether sere sine c'satcler nibxera Merete -684-. 604 12210-12220 21978-21996 
aaa a aiajaccravelw a sjava, oielevelovaserisie levator nets -7I0-. ree IIIOO-I1400 a ee 
BLOSENE 5.) gauie dhs dslodtidaadidaanscntels .790-. 800 IIO00-11200 19800-20160 
Fuel oils, heavy petroleum or refinery residue .960-.970 10200-10500 18360-18900 
Alcohol, fuel or denatured with 7 to 9 per 
cent water and denaturing material..... .8196-.8202 6440-6470 11592-11646 
(d) GASES. 
Soa Cal. |B. Tak 
Gas. Hz | CHa | Caf | ™*! cor | co | O: | Na | per | per 
i ants 
‘ m? | cu. ft 
Natural gas, Cal......... 88.0 II.10 _ 0.90 8339 037 


Natural gas (Paynes css _ 

Natural gas, France...... _ 

Coal gas, low grade...... 34.80 

Coal gas, high grade...... 57.2 18.8 
Water gas, low grade..... 52.88 

Water gas, high grade... .| 36.4 


*(C:Hs. Data from the Geological Survey, Poole’s The Calorific Power of Fuels, and for natural gas from Snel 
(Van Nostrand’s Chemical Annual), 
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CHEMICAL AND PHYSICAL PROPERTIES OF FIVE DIFFERENT 
; CLASSES OF EXPLOSIVES. 


~~. eo 2 2 n 4 a 
PO IRE Sa ci sje |e 12 
ee isg | 4 Ba & |§ | es | & 
cri Ne st Re t= ae | be 1oK| Se 2s 
ue | &3 > aa 4 Q so|“s RB: 
. are Ba a) os calla bee ae 
a ee @ Be oe eg Se eS Sig or 
Bose 88 Be | bd 28) 8 | aay ae | Be 
A Boimer. |e pigs ol. eae be) & ieee eh 
Explosive. oso | a6 O38 oe Os > Pera ee Patt 
ee) Se Vee bee jee tae eg faves | Bs 
a) ee | os >o Om | a” a Fe] OF. Ee 
R | Sh | 3s eo fe SS] S [wwe] eel gs 
: a | wo | 38 5 se | iy ES WOR bet 
: sz fje.s| 2 MS ie | & |S") ese] 8 
B= | 5eaj s s to 6 ol See| 6° 
> | 823) + s 8 | | wee] 3 
2 so One| ‘Ss EI 4 a ght & 
a ay >. Qa O | a = 
Sq : ao] o ' : 
: evra ong tea) fo) abd: | 
. to F £ 2% | 26 g = g © 
4 c) = = 5 5 o ic) 
wah Le) | AEP 
) Forty-per-centnitro- | 1.22|1221.4| 8235 | 227* | 4688 | .358| 24.63 | 12 | 88.4 25 
glycerin dynamite 79-7 
| 14.5 
(B) FFF black blasting | 1.25} 789.4| 4817 | 374t | 469.41 | 925.| 54.32 | - | 154-4 25 
powder 458* 126.9 
; 4.1|| 
(C) Permissible explo- | 1.10| 760.5] 5912 | 301* | 3008 | .471| 27.79 | 4 | 103.9 | 1000 
sive; nitroglycerin 65.1 
class 15-4 
) Permissible explo- | 0.97 | 992-8| 7300 | 279* | 3438§ |.483/) 25.68] 1] 89.8 | 800 
sive; ammonium 27.5 
nitrate class 75:5 
E) Permissible explo- | 1.54| 610.6| 6597 | 434* | 2479 |.338| 17.49) 3 86.1 | Over 
sive; hydrated class 56.0 | 1000 
oa° 
Leer Oe SS ES Se oe ee ee ee oe ee 


| Chemical Analyses. 


A rr © Koy (D) Moisture . . Oh tach ath ats, Leh 
Nitroglycern. . . . . . . . 39.6 Ammonium nitrate... . 83.10 
meditim nitrate . . . . . + « 42.46 Sibihelnice is Joel Sao fo Re 9 .ep7KS) 
Meer: . ws ee sw te 13.88 ich 1 SC CN ea RR MF 
Patch GADIGRALE enh eercranree ee BUF Wioodkpul pricte gman Meenas nsOO 

Poisonous matten is, )o) «) + )<) 9-0) 2054. 

(B) Moisture . . gute na) a2) <> O.80 Manganese peroxide . . . . . 2.64 

Boomm nitrate . . . . . + «70.57 Sanden Riess ehelce are 57 Ores 
MeANEOA) 3s ks sw ee ITAA 

Beer 2. we ee es £0,890 GE) PMloisturenant a ee cetue tt wk ale 2a 

NitROST Genin a yi naclch ren ii, GOO s 

Mepmoisture . . ... ... « 7.89 Ammonium nitrate . . . . . 9.04 
Mitroglycerin. . . . . . . . 24.02 Sa NSN 0 Sieh hm oe Song Ae 

_ Sodium nitrate . 36.25 (SCE. gauss Halo. Bo Rok selene mes WIKoS 

~ Wood pulp and crude fibre from Clim soar Ey tee ka oe 
grams .. >. . - 9.20 Ammonium sulphate 5 Re oheeiels 
Starch. . . sos ose 6 20.31 Zinc sulphate (7HO). . . . . 689 

Calcium farbonate. sss 0.97 Potassium sulphate . . . . . 19.65 

Meemiapnesium “ . . ww wt 0.36 

* One pound of clay tamping used. + Two pounds of clay tamping used. ¢ Rate of burning. 


} Cartridges 1} in. diam. || For 300 grammes. 
Compiled from U. S, Geological Survey Results, — “‘ Investigation of Explosives for use in Coal Mines, 1909.” 
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TABLE 265. — Additional Data on Explosives. 


Vol Calori Cieflicient ee 

Explosive. Ol, gas alories oemcien Coefficient emperature 
per g in per =QV a Q/C 

(Ref. Young, Nature, 102, 216, 1918.) cca i vad eed GP =1 C= hee 


Gunpowder, 06. csercscscecs ones aieleavenvevetes 280 738 207 I 2240° C 
Nitroglycerin€........ssesececevececscees: 741 1652 1224 6 6880 
Nitrocellulose, 3% .Na.-0-4- acc eo essere - 923 931 859 4.3 3876 
Cordite, Mk. I. (NG, 57; NC, 38; Vaseline, 5) 871 1242 1082 5.2 5175 
Cordite, MD (NG, 30; NC, 65; Vaseline, 5)... 883 1031 915 4-4 4225 
Ballistite (NG, 50; NC, 50; Stabilizer, 5).... 817 1340 1102 5.3 5621 
Picriciacid! (eyAdite) vin se sels tion orem sie aiiars « 877 810 710 3-4 3375 


Shattering power of explosive = vol. gas per g X cals./g X Va X density where Vq is the velocity of detonation. 
Trinitrotoluene: Vd = 7000 m/sec. Shattering effect = .87 picric acid. 

Amatol (Ammonium nitrate + trinitrotoluene, TNT): Va = 4500 m/sec. 

Ammonal (Ammonium nitrate, TNT, Al): 1578 cal/g; 682 cc gas; Vd = 4000 m/sec. 
Sabulite (Ammonium nitrate, 78, TNT 8, Ca silicide 14): about same as ammonal. 


TABLE 266. — Ignition Temperatures Gaseous Mixtures. j 


_ Ignition temperature taken as temperature necessary for hot body immersed in gas to cause ignition; slow com- 
bination may take place at lower temperatures. McDavid, J. Ch. Soc. Trans, 111, 1003, 1917. Gases were mixed 
with air. Practically same temperatures as with Oz (Dixon, Conrad, Joc. cit. 95, 1909). 


| BENZENE ARGIaIN git cies seine sielelars tellers 


1 AGoalsvasrandsair i. ste cate clete wintaverctovels aioe 878 ee ait’. .... steppe aa 
| CO ln airs ciemereres per ieiemin alatatsieiere 931 Hydrogen and air. . <<< crlelsicivlerste agi 


a 
Temperature ° C. 170 180 190 200 220 Ignition temperature. 


Jel et 


Black Pow Ger aieley<)ciatataie\eteyeislelelols/a\eleters) — 
Smokeless powder A.......eeseseeres 600 195 130 45 23 an — 
Smokeless powder B......+++++ Seay 190 130 = 90 25 3 = 
Gelluloid ‘Pyroxylin. «206. <cecscea ss 170 60 — 21 9 —_ —_ 
Collodion cotton......... Geoeaos meee MOTO 165 67 56 18 300 _ 
(ORE GSC ae aerianercooorant car Conor 160 100 60 50 30 590 450 
Safety ama tCh ess crcrictericereinrere emleta siete n 340 240 150 60 a — 
Parlerimta tues a cece ctecdtsteisetew stele n n n 590 480 — _ 
Gotten woollen. rcs cctee cee einer _ 


n, failure to explode in ee minutes. * The decomposition of nitrocellulose in celluloid commences at about 
100° C; above that the heat of decomposition may raise the mass to the ignition point if loss of heat is prevented. 
Above 170°, decomposition occurs with explosive violence as with nitrocellulose. Rate of combustion is 5 to ro times 
that of poplar, pine, or paper of the same size and conditions. 
tie yy contact with porcelain tube of given temperature. Average. 
Measured by contact with molten lead. pee 
Taken from Technologic Paper of Bureau of Standards, No. 98, 1917. 


TABLE 268.— Flame Temperatures. 


Measures made with optical pyrometer by Féry, J. de Phys. (4) 6, 1907. 


Alcohol, with NaCl...........--- 1705°C Hydrogen flame......... iBexee 1900° C 


Bunsen flame, no air.........e00- 1712 Hydrogen-oxygen....... aalaretane - 2420 
Bunsen flame, } Ibs wafatetaistoretnietaietete 1812 Acetylene burner...........65 : 2458 
Bunsen flame, full air...........4. 1871 Acetylene-oxygen...... wnelee pits 3000 
Tiluminating gas-oxygen........+. 2200 Cooper-Hewlit Hg...........5. 3500 
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THERMO-CHEMISTRY. CHEMICAL ENERGY DATA. 


The total heat generated in a chemical reaction is independent of the steps from initial to final 
state. Heats of formation may therefore be calculated from steps chemically impracticable. 
Chemical symbols now represent the chemical energy in a gram-molecule or mol(e); treat re- 
action equations like algebraic equations : CO + O=CO),-+ 68 Kg-cal; subtract C-++ 2 O=CO, 
+97 Kg-cal, then C+ O—CO-+ 29 Kg-cal. We may substitute the negative values of the 
formation heats in an energy equation and solve MgCl,+ 2 Na=2 NaCl-+ Mg+-x Keg-cal; 
—151==— 196+ x; x=45 Kg-cal. Heats of formation of organic compounds can be found 
from the heats of combustion since burned to H,O and CO,. When changes are at constant 
volume, energy of external work is negligible; also generally for solid or liquid changes in vol- 
ume. When a gas forms a solid or liquid at constant pressure, or vice versa, it must be allowed 
for. For N mols of gas formed (disappearing) at T° the energy of the substance is decreased (in- 
creased) by 0.002: N- Ty Kg-cal. H,+ O—H,O + 67.5 Kg-cal. at 18°C, at constant volume ; 
4(2 H,+0, —2 H,O= 135.0+ 0.002 X 3 X 291 = 136.7) = 68.4 Kg-cal. 

The heat of solution is the heat, ++ or —, liberated by the solution of 1 mol] of substance in so 
much water that the addition of more water will produce no additional heat effects. Aq. signifies 
this amount of water; H,O, one mol.; NH3;-+ Aq=NH,OH - Aq.+8 Kg-cal. 

TABLE 269. (a). Heats of Formation from Elements in Kilogram Calories. 
At ordinary temperatures. 


Heat of Heat of 
Compound. -|| Compound. | Forma- Compound. Compound. Forma- | 
i tion. 


to 


HgO ; KCl Li,SO, 
Na,O ; LiCl : (N H,),SO, 
Nd,Os , MgCl, Na,SO, 
NiO é MnCl, é MgSO, 
PO; sgs E NaCl ‘ PbSO, 
PbO ; NdCl, . || TleSOg 
PbO, . NH,Cl1 3 || ZnSO, 
Pr,O3 - NiCl, -5 || CaCOs 
Rb,O : PbCl, j CuCO, 
SO, rh sgg : PdCl, : FeCO3 
SiO, QI. PtCl, ; K,COg3 
SnCl, ~ MgCO, 
snCl, : Na,COg, 
SrCl, : ZnCOs 
Thc, 300. AgNO, 
TICI 6 || Ca(NOg), 
RbCl 5 Cu(NOs).6 H,O 
ZnCl, : HNOsg gggl 
HBr glg 6 || KNOg 
NH,Br : LiNO, 

HI gsg : NH,NOs 
HF geg : NaNO; 
Ag,S 3-3 || TINO; 

CS, sgg .0 || CH, sgg 
CaS 90.8 || C,H, sgg 
(NH,)2S ; C,H) sgg 
Cus -3:|| HCN di gsgg 
CuS 

H.S gsg 

k,S 

MgsS 

Na,S 

PbS 

CaSO, 

CuSO, 


W NN NWO NO 
Jt nw ON Od 
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“3 
2 
5:7 
6.5 
0.8 
3.4 
6.8 
1.4 
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am =amorphous; di=diamond; gr= graphite; cr crystal; g—=gas; 1=liquid; s=solid; y = yellow (gold); 
th= rhombic (sulphur). * Heats of formation not from elements but as indicated, 
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HEATS OF FORMATION OF IONS IN KILOCRAM-CALORIES. 


+ and — signs indicate signs of ions and the number of these signs the valency. For the ioni- 
sation of each gram-molecule of an element divide the numbers in the table by the valency, e. g., 
9.03 gr. Al = 9.03 gr. Alt + 40.3 Kg. cal. When a solution is of such dilution that further dilu- 
tion does not increase its conductivity, then the heats of formation of substances in such svulutions 
may be found as follows: FeCl,Aq =- 22.2 4 2X 39.1 = 100.4 Kg. cal. CuSO,Aq=—15.8 
+ 214.0 = 198.2 Kg. cal. 


AsO,—— — +215.0 


ON OQWO00N DOWN 


TABLE 271.—Heats of Neutralization in Kilogram-Calories, 


The heat generated by the neutralization of an acid by a base is equal, for each gram-molecule 
of water formed, to 13.7 Kg. cal. plus the heat produced by the amount of un-ionized salt formed, 
plus the sum of the heats produced in the completion of the ionizations of the acid and the base. 
(See also p. 209). 


Base. HCl.aq : HCN-aq | CH;,COOH-aq | Ho-CO;.aq 


KOH - aq 
NaOH -: aq 
NH,OH - aq 

3 Ca(OH), + aq 
} Zn(OH), « aq 
4 Cu(OH), + aq 


ote 
=m NOOO 


i 
! 


TABLE 272,—Heat of Dilution, H,S0,. 


In Kilogram-calories by the dilution of one gram-molecule of sulphuric acid by m gram-mole- 
cules of water. 


99 199 399 1599 


16.86 | 17.06 | 17.31 |° 17.86 
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RADIATION CONSTANTS. 


| TABLE 273.—Radiation Formul® and Constants for Perfect Radiator. 
The radiation per sq. cm. from a “‘black body” (exclusive of convection losses) at the tem- 
perature 7° (absolute, C) to one at / is equal to 


==a(74—7) (Stefan—Boltzmann); 
where ¢ = 1.364 X 10-12 gram-calories per second per sq. centimeter. 
—— O20) xe Ome me S eT Re 
= 5.71 X 10-!2 watts per sq. centimeter. 


_ The distribution of this energy in the spectrum is represented by Planck’s formula: 


Sr=C, r-5 [ery 


where /a is the intensity of the energy at the wave- length A (A expressed in microns, m) and ¢ is 
the base of the Napierian logarithms. 


. cal, watts 
= 8.86 X 10 for J in $79  _ 3.50y rot f 
a 1 Aa secwema OF pune ine te cm 
Co== 14325 for A in uw 
gram. cal. Ons 


SF ox = 3.11 X 10-8 7% for / in 


Amax 7 == 2885 for A in uw 
h = Planck’s unit = elementary “ Wirkungs quantum ” = 6.554 X 102’ ergs. sec. 
k=constant of entropy equation = 1.37 X 10-6 ergs./degrees. 


TABLE 274.— Radiation in Gram-Calories per 24 Hours per sq. cm. from a Perfect Radiator at ¢° C to 
an absolutely Cold Space (—273° C). 


= 1.30 X 10°}5 75 for Jin 


sec. cm. 


Computed from the Stefan- Boltzmann formula. 


1380 
1420 
1450 
1630 
1830 
2050 
2280 
5905 
310 X 108 
315 ot 
912 X 10° 


TABLE 275.—Values of J, for Various Temperatures Centigrade. 
Ekholm, Met. Z. 1902, used C,= 8346 and C,= 14349, and for the unit of time the day. 
For 100°, the values for JA have been multiplied by 10, for the other temperatures by 100. 


15°C | of C | —30° C | —80° C 


i SF var au — ee ee eee eEeEEeEEEEeEEEEeEeEeEeEeEeeeererreeeeeeeeeeeeeee 
Nb 
| i 
| - 
tb 
t 
1 
H 
WWwn nh bd S) 
| 


2557|2175| 1491 | 623 
2281 | 1954 | 1363 | 594 
2034 | 1754 | 1242 561 
1816 | 1574] 1129 
1413 | 1026 
1270] 931 

846 

768 

698 

579 

482 

209 

102 


55 


20 
9 
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TABLE 276. 
BLACK-BODY SPECTRUM INTENSITIES (Jx). 


Values of JA using for Ci, 9.23 X 103, C2, 14350., A in w. If the figures given for J, are plotted in cms as ordi- 
nates to a scale of abscissae of 1 cm to 1 p, then the area in cm? between the smooth curve through the resulting points 
and the axis of abscissae is equivalent to the radiation in calories per sec. from 1 cm? of a black body at the correspond- 
ing temperature, radiating to absolute zero. The intensities when radiating to a body at a lower temperature may be 
obtained by subtracting the intensities corresponding to the lower temperature from those of the higher. The nature 
of the black-body formula is such that when AT is small, a small change in C2 produces a great change in Ja; e.g., 
when C2/AT is 100 or ro, the change is 100 and ro fold respectively; as AT increases, the change becomes proportional; 
e.g., when C2/ XT is less than 0.05, the change in J) is proportional to the change in C2. 
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. [100° K.]150° K.| 200° K. | 250° K. | 273° K. | 300° K. | 373° K. | 400° K. | 500° K. |600° K. 


-O1124 - 0831 -0638 
-0749 +0558 + 03143 
- 0546 -03168 | .00184 
.0450 . 03907 .0066 
.03242 | .00265 | .o13r 
.03620 | .00482 | .o189 


.OOII5 | .00690 | .0229 
.00226 | .00952 | .0249 
.00301 | .oI0Or | .0224 
.00328 | .00925 | .0186 
.00321 | .co80r | .o149 
.00295 | .00672 | .o118 


000000 nounono 


.00262 | .00554 | .00929 
-00157 | .00196 | .00374 | .00585 
-OOII7 | .00144 }| .00254 | .00380 
.0387 .CO105 | .00176 | .00254 
. 03053 .03760 | .caT24 | .00176 
-03403 | .03575 | .O3902 | .cOT25 


000000 


-03295 | .03439 | .03589 
.03164 | .03237 - 03311 
.04620 | .04858 | .o3II0 
.0428r | .0438r | .04482 
-05034 | .05834 | .O4T03 
~O5214 ~05277 ~05342 


000000 


8000° 


K. 


0.0624 0©.0331| 0.038 a55 
0.46 15.4] 184. 3660. 
24. 63. | 1310. 9640. 
IIs. . | 2280. |ro3zo0a. 
226. . | 2490. 8400. 
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9009090 
990900 
oo0000 


See Forsythe, J. Opt. Soc., 4,331 1920, relative values, 0.4 to 0.76 m (steps a.01 m), 12 temperatures, 1a00 Lo 5cc0° K, 
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TABLES 277-278. 240 
RADIATION EMISSIVITIES. 
TABLE 277. — Relative Emissive Powers for Total Raddation. 
Emissive power of black body = 1. Receiving surface platinum black at 25°C; oxidized surfaces oxidized at 


600 +°C. Randolph and Overholzer, Phys, Review, 2, p- 144, 1913. 


Temperature, Deg. C. 


Calorized copper, oxidized,.,,... Speen aoe 


Cast iron : 

Oxidized nickel........ aie eo dvewies es 
Cxidizedimonel sy. oss ce act cielp me 6 Pgrwteceiete 
Calorized steel, oxidized,............++ Ae 
COXAGIZACICODDELs c)o a6 cele sal cleiniriesrinse se Skea 
Oxidized brass 

Oxidized lead...... Bois pie aise aie 

Oxdizedicast WON foes eee cee nee : 
TONS TRUIZAG ITS" De Re ere Saar A tre 
Black body.,.., 


m09900999000 00 


Remark: For radiation properties of bodies at temperatures so low that the radiations of wave-length greater than 
20 ps or thereabouts are important, doubt must exist because of the possible and perhaps probable lack of blackness of 
Sy receiving body to radiations of those wave-lengths or greater. For instance, see Table 379 for the transparency 
of soot. 


TABLE 278. — Emissivities of Metals and Oxides. 


Emissivities for radiation of wave-length 0.55 and 0.65 uw. Burgess and Waltenberg, Bul. Bureau of Standards, 
II, 591, 1914. 

n the solid state practically all the metals examined appear to have a negligible or very small temperature coeffi- 
cient of emission for A = 0.55 and 0.65 uw within the temperature range 20° C to melting point. Nickel oxide has a 
well-defined negative coefficient, at least to the melting point. There is a discontinuity in emissivity, for \ = 0.65 u 
at the melting point for some but not all the metals and oxides. This effect is most marked for gold, copper, and 
silver, and is appreciable for platinum and palladium. Palladium, in addition, possesses for radiation a property 
analogous to suffusion, in that the value of emissivity (A = 0.65 w) natural to the liquid state may persist for a time 
after solidification of the metal. The Violle unit of light does not appear to define a constant standard. Article con- 
tains bibliography. 


Metals. 


€2,0.55 psolid.... 
0.55 p liquid.. 


0.65 mw solid... 
liquid, 


Metals 


€A, 0.55 pw solid.... 
liquid... 


0.65 pw solid... 
liguid.... 


CoO | FesOs |MnsO4} TiOzg | ThO2 | Y203 | BeO | CbOz]| V20s | CreO3 | UsCs 
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2 50 TABLES 279-281. 
RADIATION EMISSIVITIES. 
TABLE 279.— Relative Emissivities of Metals and Oxides. 


Emissivity of black body taken as 100. 


True temperature C. 


60 FeO.40 Fe2Os 
= Fe heated 


Platinum: 
True temp. C 750 | 1000] 1200 } 1400 | 1600 | 1700 
App.* temp. C..... —_ 486 | 630 780 | 930 | 1005 
Total emiss. Pt.....] 3.1 10.3, 112.4 | 14.0 | 525°) ovouerges 


Tungsten: 
True temp. K (abs.)....... 200 | 600] rooo | 1400 | 1800 | 2200 } 2600 | 3000 | 3400 | 3800 
51.8 | 50.8| 49.8 | 48.9 | 47.9 | 47.0 | 46.0 | 45.0 | 44.1 _ 4 
47.2} 46.3 | 45-3 | 44.3 | 43-3 | 42-4 | 41.4 | 40.4 | 39-5] 4 


* As observed with total radiation pyrometer sighted on the platinum. : 
References: (1) Burgess and Foote, Bul. Bureau of Standards, 12, 83, 1915; (2) Burgess and Foote, loc. ctl. 
II, 41, 1914; (3) Foote, loc. cit. 11, 607, 1914; (4) Worthing, Phys. Rev. 10, 377, 1917. 


TABLE 280. — Temperature Scale for Tungsten. 


Hyde, Cady, Forsythe, J. Franklin Inst. 181, 418, 1916. See also Phys. Rev. 10, 395, 1917. The color temperature 
= temperature of black body at which its color matches the given radiation. 


Color Black-body True True True — True — 


Lumens/watt | temperature. temperature. temperature. || temperature. | color. | brightness. 


1763° K. - 1729° K. 
IQI7 1875 
2025 1976 
2100 2056 
2170 2125 
2237 2184 
2290 2238 
2338 2286 
2383 2332 
2425 2373 


OO OI ANURWNH 


al 


TABLE 281.— Color minus Brightness Temperatures for Carbon. 
Hyde, Cady, Forsythe, Phys. Rev. 10, 395, 1917. 


Brightness temp. © Ki...c-us< oss « 700° 1800° 


Color — brightness 7 12 
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SMITHSONIAN TABLES, 


TABLES 282, 283. 


COOLING BY RADIATION AND CONVECTION. 


TABLE 282, — At Ordinary Pressures. 


According to McFarlane * the rate of loss of heat by a sphere 
placed in the centre of a spherical enclosure which has a 
blackened surface, and is kept at a constant temperature of 
about 14° C, can be expressed by the equations 


é = .000238 + 3.06 X ro—8¢ — 2.6 X 10-822, 
when the surface of the sphere is blackened, or 
é@ = .000168 + 1.98 X 10-64 — 1.7 X 10—-8/, 


when the surface is that of polished copper. In these equa- 
tions, ¢ is the amount of heat lost in c. g.s. units, that is, 
the quantity of heat, small calories, radiated per second per 
square centimeter of surface of the sphere, per degree differ- 
ence of temperature #, and # is the difference of temperature 
between the sphere and the enclosure. The medium through 
which the heat passed was moist air. The following table 
gives the results. 


Differ- Value of e. 


ence of 
tempera- 


Bon. Polished surface. | Blackened surface. 


-000178 000252 
.000186 .000266 
000193 
.000201 
.000207 
.000212 
.000217 
000220 
000223 
2000225 
.000226 


.000226 
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TABLE 283, — At Different Pressures. 


Experiments made by J. P. Nicol in Tait’s Labo- 
ratory show the effect of pressure of the en- 
closed air on the rate of loss of heat. In this 
case the air was dry and the enclosure kept at 


about 


8° C. 


Polished surface. 


Blackened surface, 


et 


PRESSURE 10.2 CMS. OF MERCURY. 


67.8 
61.1 
55 

49.7 
44.9 
40.8 


* “ Proc. Roy. Soc.’’ 1872. 
t “ Proc. Roy. Soc.’’ Edinb. 1869. 


00492 
004.33 
00383 
00340 
00302 
00268 


PRESSURE t CM. OF Mercury. 


See also Compan, Annal, de chi, et phys. 26, p. 526, 


62.5 
57-5 
53-2 
47-5 
43-9 
28,5 


01208 
o1rss 


01048 
00898 
00791 
.00490 


252 TABLES 284, 285. 
COOLING BY RADIATION AND CONVECTION. 
TABLE 284, —Cooling of Platinum Wire in Copper Envelope. 


Bottomley gives for the radiation of a bright platinum wire to a copper envelope when the space between is at the 
highest vacuum attainable the following numbers : — 
t= 408° C., ef = 378.8 X 10-4, temperature of enclosure 16° C, 
#= 505° C., ex = 726.1 X 10-*, BS ne 17° C. 
It was found at this degree of exhaustion that considerable relative change of the vacuum produced very small 
change of the radiating power. The curve of relation between degree of vacuum and radiation becomes asymp- 
totic for high exhaustions. The following table illustrates the variation of radiation with pressure of air in 


enclosure. 


Temp. of enclosure 16° C., = 408° C. Temp. of enclosure 17° C., #= 505° C. 
Pressure in mm. et Pressure in mm. 


8137.0 X 10+ 0.094 1688.0 X 1074 
7.7/1.0 mee 053 1255.0 “ 


7875-0 034 1126.0 


7591.0 013 920.4 
Bee .0046 831-4 
-00052 707.4 
.0OO19 740.4 

Lowest reached ee 

but not measured fae 


TABLE 285.— Effect of Pressure on Loss of Heat at Different Temperatures. 


The temperature of the enclosure was about 15° C. The numbers give the total radiation in therms per square cez- 
timeter per second, 


Pressure in mm. 


Temp. of 
wire in Ce. 


Nore. — An interesting example (because of its practical importance in electric light- 
ing) of the effect of difference of surface condition on the radiation of heat is given on the 
authority of Mr. Evans and himself in Bottomley’s paper. The energy required to keep 
up a certain degree of incandescence in a lamp when the filament is dull black and when 
it is “flashed ” with coating of hard bright carbon, was found to be as follows : — 


Dull black filament, 57.9 watts. 
Bright “ ss 39.8 watts. 
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TABLES 286-287. 2 5 3 
TABLE 286. — Conduction of Heat across Air Spaces (Ordinary Temperatures). 


Loss of heat by air from surfaces takes place by radiation (dependent upon radiating power of surface; for small 
temperature differences proportional to temperature difference; follows Stefan-Boltzmann formula, see p. 247), 
conduction, and convection. The two latter are generally inextricably mixed. For horizontal air spaces, upper surface 
warm, the loss is all radiation and conduction; with warm lower surface the loss is greater than for similar vertical 
space. 

Vertical spaces: The following table shows that for spaces of less than x cm width the loss is nearly proportional 
to the space width, when the radiation is allowed for; for greater widths the increase is less rapid, then reaches a maxi- 
mum, and for yet greater widths is slightly less. The following table is from Dickinson and van Dusen, A. S. Refrigerat- 
ing Engineers J. 3, 1016. 


HEAT CONDUCTION AND THERMAL RESISTANCES, RADIATION ELIMINATED, 
AIR SPACE 20 CM HIGH. 


Heat conduction, Thermal resistance. 
Cal./hour/cm?/° C, Same units. 


Temperature difference. Temperature difference. 


Variation with height of air space: Max, thermal resistance = 4.0 at 1.4 cm air space, 10 cm high; 6.0 at 1.6 cm, 
20 cm high; 8.9 at 2.5 cm, 60 cm high. 


TABLE 287.— Heat Convection in Air at Ordinary Temperatures. 


In very narrow layers of air between vertical surfaces at different temperatures the convection currents, in the 
main, flow up one side and down the other, with eddyless (stream-line) motion. It follows that these currents trans- 
port heat to or from the surfaces only when they turn and flow horizontally, from which fact it follows, in turn, that 
the convective heat transfer is independent of the height of the surface. It is, according to the laws of eddyless 
flow, proportional to the square of the temperature difference, and to the cube of the distance between the surfaces, 
As the flow becomes more rapid (e.g., for a 20° difference and a distance of 1.2 cm) turbulence enters, and the above 
a begin to change. For the dimensions tested, convection in horizontal layers was a little over twice that in 
vertical. 

Taken from White, Physical Review, 10, 743, 1917- 


Heat Transfer, in the Usual C.G.S. Unit, i.e., Calories per Second per Degree of Thermal Head per Square Cm of 
Flat Surface, at 22.8° Mean Temperature. 


Wh re two values are given, they show the range among determinations with different methods of getting the tem- 
aN or the outer plate. It will be seen that the value of the convection is practically unaffected by this difference 
of metho 


8 mm gap. I2 mm gap. 24 mm gap. 
Convection. % Convection. 


-000 083 9 2 
.000 084 8 -000 065 


.000 084 0 
-000 085 2 


-000 086 6 
-000 OOI 88 x 


-000 O99 000 025 


-©00 003 . 0903 
003 95 


° 
.©00 007 ion 


.000 106 .000 O40 


.000 126 000 060 
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2 54 TABLE 288. 
CONVECTION AND CONDUCTION OF HEAT BY GASES AT HIGH TEMPERATURES.* 


The loss of heat from wires at high temperatures occurs as if by conduction across a thin film of stationary gas 
adhering to the wire (vertical and horizontal losses very similar). Thickness of film is apparently independent of 


temperature of wire, but probably increases with the temperature of the gas and varies with the diameter of the wire - 


according to the formula 6-logh/a = 2B, where B = constant for any gas, b = diameter of film, a, of wire. The rate 
of convection (conduction) of heat is the product of two factors, one the shape factor, s, involving only a and B, the 
other a function @ of the heat conductivity of the gas. If W = the energy loss in watts/cm, then W = s(h2 — 1). 
s may be found from the relation 


s _2% 
a ak b =4.10 f-" kat, 


where & is the heat conductivity of the gas at temperature T in calories/em °C. 2 is taken at the temperature T2 
of the wire, d1 at that of the atmosphere. The following may be taken as the conductivities of the corresponding 
gases at high temperatures: 


For hydrogen feces betes k= 28X 1O*W Ti (1 + .0002T)/(r + 77T)} 
CN SS ey ney ac Gene iret 3G k=4.6X 10 °VT (1 + .0002T)/(r + 124T-1)} 
mercury vapor........ k=2.4X 108V7 {r/(r ae 960T—)}. 


To obtain the heat loss: B may be assumed proportional to the viscosity of the gas and inversely proportional to 
the density. For air (see Table 289(b)) B may be taken as 0.43 cm; for Hz, 3.05 cm; for Hg vapor as 0.078. Obtain 
s from section (a) below from a/B; then from section (b) obtain 2 and ¢: for the proper temperatures; the loss will 
be s(@2 — gi) in watts/cm. 


(a) s AS Function oF a/B. 


ONOUDUNONDOND 
eoo0000Ono000 
ooo C0 COMIN DQM 
Oonounounoundungd 
NIWIOAUUNER HOH HH 


OAbPPRwWWHNHHHOO 
Hi 


(b) TaBLE oF @ IN WatTTS PER CM AS FUNCTION oF ABSOLUTE TEMP. (°K.). 


09000 


a= WNHAHHO 


* Langmuir Physical Review, 34, p. 401, 1912. 
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TABLE 289. 2568 
HEAT LOSSES FROM INCANDESCENT FILAMENTS. 

(a) Wires oF PLATINUM SPONGE SERVED AS RADIATORS (TO ROOM-TEMPERATURE SURROUND- 
INGS). HARTMAN, PHYSICAL REVIEW, 7, Pp. 431, 1916. 


(A) Observed heat losses in watts per cm. 
Absolute temperatures. 


1200° | 1300° | 1400° | 1500° 


4.92 
| : 3-53 
$ i 4 e F 2.73 

2.12 


(B) Heat losses corrected for radiation, watts per cm (A-C). 


M231 Te SOilne aS WeLeSt We Lesast £66 2.00 
| . : : Pore Tse ene Wet eae yee | m.76 2.08 
i : TeOSH ewse2: ress lL. 37.40.40. |, 2550 1.67 
0789) |) X03 |) Pers «| 2.23. |) r.3h | r.40 1.47 


(C) Computed radiation, watts percm, 0 = 5.61 X 10712.* 


; ¢ A Doyo 2e5201 3u4y | a07 | OstO. 7.07 | TO.rS | 22.77 | rs. 85 
. 7 I.09 | 1.53 | 2.11 | 2.84 |] 3.74 | 4.84 6.17 7.77 9.65 
On70 |eDLOr | T236:|) 2.80 162.4501 Sey 4.05 5.00 6.32 
0.50) OL 7L) ||) O.G7) || L.3D) | E.73° | 2.24 2.85 3.590 4.46 


(D) Conduction loss by silver leads, watts per cm. 


0.42 | 0.46 | 0.49 | 0.61 | 0.75 | 0.88 | 1.00 | 1.07 3s 1.22 
0.18 | 0.21 | 0.28 | 0.35 | 0.43 | 0.48 | 0.55 | 0.57 0.60 0.67 
0.06 | 0.08 | 0.08 | 0.09 | 0.11 | 0.12 | 0.14 | 0.15 0.22 0.23 


(E) Convection loss by air, watts per cm. 


0.68 | 0.70 | 0.67 | 0.57 | 0.59 | 0.69 0.95 Tor 
0.87 | 0.92 | 0.89 | 0.91 | 0.93 1.07 1.24 
0:04 || F604 | TEx ||| YX. L7 41 L.25 1.29 1.30 


* This value is lower than the presently (ro19) accepted value of 5.72. 


(0) Wires oF Bricut PLatinum 40-50 Cm LoncG SERVED AS RADIATORS TO SURROUNDINGS 
AT 300° K. Lancmutr, Puystcat REVIEW, 34, Pp. 401, 1912. 


Observed energy losses in watts per cm. 


Diameter 
: Absolute temperatures. 


a ee eee ee 


See SSC 


Energy radiated in watts per cm.* 


©.049 0.137 0.323 
0.024 0.067 -1590 

.OI2 0.034 .080 

0.00601 : ‘ .007 0.019 O44 
0.00404 ‘ é .004 0.OIL .026 


ae oe i te 


“Convection” losses in watts per cm. 


0.85 .28 aay 
0.66 -95 I.29 
0.52 noe I.03 
0.47 -70 0.05 
0.41 .60 0.81 


os 


Thickness of theoretical conducting air film. 


©.0510 
0.02508 
0.01262 
0.00691 
©.00404 
Means. 


233 : eS 
-41 ; -45 
-49 ‘ .69 
.40 : -47 
-47 - 47 
.42 ‘ -49 


OP OT OTOL ORS 
0990900 
RW AUN 
NO WO HN 


° 
0.25 
° 


* Computed with o = 5.32, black-body efficiency of platinum as follows (Lummer and Kurlbaum): 492° K. 


0.039; 654°, 0.060; 795°, 0.075; 1108°, 0.112; 1481°, 0.154; 1761° K., 0.180. For significance of last group 
of data, see next page. } Weighted meaa. 
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TABLES 290-291. 


THE EYE AND RADIATION. 


Definitions: A meter-candle is the intensity of illumination due to a standard candle at a meter distance. The 
millilambert (o.oor lambert) measures the brightness of a perfectly diffusing (according to Lambert’s cosine law) 
surface diffusing .oor lurnen/em?. A brightness of ro meter-candles equals 1 millilambert. 0.001 ml corresponds 
roughly to night exteriors, 0.1, to night interiors, 10 ml to daylight interiors and 1000, to daylight exteriors. A bright- . 
ness of 100,000 meter-candles is about that of a horizontal plane for summer day with sun in zenith, 500, on a cloudy 
day, 4, 1st magnitude stars just visible, 0.2, full moon in zenith, .oo1, by starlight; in winter the intensity at noon may 
drop about 4. 
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TABLE 290. — Spectral Variation of Sensitiveness as a Function of Intensity. 


Radiation is easily visible to most eyes from 0.330 4 (violet) to 0.770 w (red). At low intensities near threshold 
values (gray, rod vision) the maximum of spectral sensibility lies near 9.503 4 (green) for go% of all persons. At higher 
intensities, after the establishment of cone vision, the max. shifts as far as 0.560 wt. See Table 297 for more accurate 
values of sensitiveness after this shift has been accomplished. The ratio of optical sensation to the intensity of energy 
increases with increasing energy more rapidly for the red than for the shorter wave-lengths (Purkinje phenomenon); 
ive., a red light of equal intensity to the eye with a green one will appear darker as the intensities are equally lowered. 
This phenomenon disappears above a certain intensity (above ro millilamberts). Table due to Nutting, Bulletin 
Bureau of Standards. 


The intensity is given for the spectrum at 0.535 (green). 


Intensity 
(meter-candles) = 
Ratio to preceding step = 


-00225 0360 
9.38 16 


Wave-length, X. 
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TABLE 291. — Threshold Sensibility as Related to Field Brightness. 


The eye perceives with ease and comfort a billion-fold range of intensities. The following data were obtained with 
the eye fully adapted to the sensitizing field, B, the field flashed off, and immediately the intensity, T, of a test spot 
(angular size at eye about 5°) adjusted to be just visible. This table gives a measure of the brightness, T,, necessa 
to just pick up objects when the eye is adapted to a brightness, B. Intensities are indicated log intensities in milli- 
lamberts. Blanchard, Physical Review, 11, p. 81, 1918. 


Log Boss Sieasttes ent i ; 10 |—=3.0 .0|—1.0] 0.0 |+12.0 |+2.0 |+3.0 
Log T, whité.......00. —4.17|—3.30| —2.50| —2.02|—1.42| —0.75|-+-0. 28 

i cipbeamin eee ; é .068 | .050 | .026 | .0096| .0038 | .0018| .corg 

TOR ET, DUC iatectatere ccefelert —4.23| —3.46| —2.70| —2.18| —1.62 

J ey fea BOR ACHODC - 4,23] —3.30| —2.60| —2.08] —1.62 


Log T, yellow......0.. —4.03| —3.33|—-2.57| —-1.07| —1.62 


Log 7, red —3.47| —2.96] —2.43| —1.92|—1.37 
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TABLES 292-295. 257 
THE EYE AND RADIATION. 
TABLE 292. — Heterochromatic Threshold Sensibility. 


The following table shows the decrease in sensitiveness of the eye for comparing intensities of different colors. The 
numbers in the body of the table correspond to the line marked 7/B of Table 291. The intensity of the field was 
probably between 10 and 100 millilamberts (25 photons). 


Comparison color. ; 0.640 M@ | 0.575 M | 0.505 | 0.475 uM | 0.430 mu 


TABLE 293.— Contrast or Photometric Sensibility. 


For the following table the eye was adapted to a field of 0.1 millilambert and the sensitizing field flashed off. A 
neutral gray test spot (angular size at eye, 5 X 2.5°) the two halves of which had the contrast indicated (3 transparent, 
$ covered with neutral screen of transparency = contrast indicated) was then observed and the brightness of the 
transparent part measured necessary to just perceive the contrast after the lapse of the various times. One eye only 
a aes pupil. Blanchard, Physical Review, 11, p. 88, 1918. Values are log brightness of brighter field in 
milliamberts. 


Time in seconds. 


TABLE 294.— Glare Sensibility. 


When an eye is adapted to a certain brightness and is then exposed suddenly to a much greater brightness, the 
latter may be called glaring if uncomfortable and instinctively avoided. Observers naturally differ widely. The data 
are the means of three observers, and are log brightnesses in millilamberts. The glare intensity may be taken as roughly 
_— times the cube root of the field intensity in millilamberts. Angle of glare spot, 4°. Blanchard, Physicali Review, 

c. cit. 


Log. field... 
Log. glare... 


TABLE 295.— Rate of Adaptation of Sensibility. 


This table furnishes a measure of the rate of increase of sensibility after going from light into darkness, and the 
values were obtained immediately from the instant of turning off the sensitizing field. Both eyes were used, natural 
pupil, angular size of test spot, 4.9°, viewed at 35 cm. Blanchard, Joc. cit. Retinal light persists only 10 to 20 m when 


_ one has been recently in darkness, then in a dimly lighted room; it persists fully an hour when a subject has been in 


bright sunlight for some time. A person who has worked much in the dark “gets his eyes” quicker than one who has 
not, but his final sensitiveness may be no greater. 


Logarithmic thresholds in millilamberts after 


o sec. | I sec. | 2 sec. | 5 sec. | 10 sec. |20 sec. | 40 sec. |60 sec. | 5 min. |3omin. 
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258 | TABLES 296-298. 
THE EYE AND RADIATION. 


TABLE 296. — Apparent Diameter of Pupil and Flux Density at Retina. 


Flashlight measures of the pupil (both eyes open) viewed through the eye lens and adapted to various field intensi- 
ties. For eye accommodated to 25 cm, tatio apparent to true pupil, 1.02, for the unaccommodated eye, 1.14. The 
pupil size varies considerably with the individual. It is greater with one eye closed; e.g., it was found to be i 0.01 
millilambert, 6.7 and 7.2 mm; for 0.6 ml, 5.3 and 6.5; for 6.3 ml, 4.1 and 5.7; for 12.6 ml, 4.1 and s.7 mm for both 
and one eye open respectively for a certain individual. At the extreme intensities the two values approach each other. 
The ratio of the extreme pupil openings is about 7s, whereas the light intensities investigated vary over 1,000,0ca-fold. 
(Blanchard and Reeves, partly unpublished data.) : 


Diameter, mm 
Field —————___—————_|_ Effective Flux at retina, 


Observed. | et ) 


millilamberts. area, mm? lumens per mm? 


S. 


TABLE 297. — Relative Visibility of Radiation. 


This table gives the relation between Juminous sensation (light) and radiant energy. The results of two methcds 
are given: one from measures of the direct equality of brightness, which some consider the true method, as more dirext, 
but criticized because of the difficulty of judging heterochromatic light (Hyde, Forsythe, Cady, A. J. 48, 87, 1918, 29 
observers); the other (Coblentz, Emerson, Bul. Bureau of Standards, 14, 219, 1917, 130 observers) depends on the 
disappearance of flicker when two lights of different color and intensity are alternated rapidly. Color has a lower 
critical frequency than brightness and disappears first. Data determined for intensities above Purkinje effect. See 
Table 290. Ratio of light unit (lumen) to energy unit (watt) at 0.554, 0.00162 (Ives, Coblentz, Kingsbury). 


Visibility. Visibility. " Visibility. " Visibility. 
HFC} CE HFC} CE 


.995 
944 
855 
) «735 
. 600 
-464 
.341 
. 238 


TABLE 298. — Miscellaneous Eye Data. 


Light passing to the retina traverses in succession (a) front surface of the cornea (curvature, 7.9 mm); (6) cornea 
(equivalent water path for energy absorption, .o6 cm); (c.) back surface cornea’ (curv., 7.9 mm); (d) aqueous humour 
(equiv. H20, .34 cm, » = 1.337); (e) front surface lens (c, 10mm); (f) lens (equiv. B20, .42 cm, m = 1.445); (8) back 
surface lens (c.,6 mm); (4) vitreous humour (equiv. H20, 1.46 cm, m = 1.337). An, 2quivalent simple lens has its 
principal point 2.34 mm behind (a), nodal point 0.48 mm in front of (g), posterior principal focus 22.73 mm behind 
(a), anterior principal focus 12.83 mm. in front of (a), curvature, 5.125 mm. At the rear surface of the retina (.15 mm 
thick) are the rods (30 X 2m) and cones (ro (6 outside fovea) long). Rods are more numerous, 2 to 3 between 
2 cones, over 3,000,000 cones in eye. Macula lutea, yellow spot, on temporal side, 4 mm from center of retina, long axis 
2mm. Central depression, fovea centralis, .3 mm diameter, 7000 cones alone present, 6 X 2 or 3. In region of dis- 
tinct vision (fovea centralis) smallest angle at which two objects are seen separate 1s 50” to 70” = 3.65 to 5.14 at 
retina; 50 cones in 1ooy here; 4u between centers, 3 to cone, ry to interval. Distance apart for separation greater 
as depart from fovea. No vision in blind spot. nasal side, 2.5 mm from center of eye, 15 mm in diam. : 

Persistence of vision as related to color (Allen, Phys. Rev. rr, 257, 1900) and intensity (Porter, Pr. Roy. Soc. 70, 
313, 1912) is measured by increasing speed of rotating sector until flicker disappears: for color, .4M@, .03I S€C.; .45u, 
.020 SEC.; .SMl, .OTS SEC.; .57[, .OT2 Sec.; .68u, .oT4 sec.; .76u, .o18 sec.; for intensity, .06 meter-candle, .o28 sec.; I mc, 
+020 Sec.; 6 mC, .Or4 SeC.; TOO MC, .OIO SeC; 142 MC., .007 SEC. p 2 

Sensibility to small differences in color has two pronounced maxima (in yellow and green) and two slight ones 
(extreme blue, extreme red). The sensibility to small differences in intensity is nearly independent of the intensity 
(Fechner’s law) as indicated by the following data due to KGnig: : 


I/Io 1,000,000 | 100,000 | 10,000 


dI/I, white ; .O19 
HOG) icaceines .024 
ISO berecicarats 
SABHA ctasa 
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PHOTOMETRIC DEFINITIONS AND UNITS. 


Radiant flux = = rate of flow of radiation as energy, measured as ergs per second or watts. 

Luminous flux = F or ¥ = rate of flow of radiation measured according to power to produce 
visual sensation. Although strictly thus defined, for photometric purposes it may be regarded as 
an entity, since the rate of flow for such purposes is invariable. Unit is the /wmen, the flux emitted 
in a unit solid angle (steradian) by a point source of unit candle power. 

Visibility of radiation of wave-length \ = Ka = ratio of luminous to radiant flux for that 
A, = Fa/®a. 

Mechanical equivalent of light = ratio of ®/F for the of max. visibility expressed in ergs/sec 
/\umen or watts/lumen; it is the reciprocal of max. visibility. See p. 261. 

Luminosity at wave-length \ = (Ka) (a). Spectral luminosity curve expresses this as a func- 
tion of \ and is different for various sources. 

Luminous efficiency = F/® expressed in lumens/watt. 

Luminous intensity of (approximate) point source = I = solid-angle (w) density of luminous 
flux in direction considered = dF/dw, or F/w when the intensity is uniform. Unit, the candle. 

Illumination on surface = E = flux density on surface = dF/dS (S is surface area) = F/S 
when uniform. Units, meter-candle, foot-candle, phot, lux. ; 

Lux = one lumen per m?; phot one lumen per cm?. 

Brightness of a luminous surface may be expressed in two ways: 

(1) br = 21/dS. cos 6 where @ is the angle between normal to surface and the line of sight; 
normal brightness when @ is zero. ° 

(2) br = dF/dS’ assuming that the surface is a perfect diffuser, obeying cos. law of emission 
or reflection. Unit, the lambert. 

Specific luminous radiation, EZ’ = luminous flux density emitted by a surface, or the flux 
emitted per unit of emissive area, expressed in lumens per cm?. For surfaces obeying Lambert’s 
cosine law, E’ = by. 

The lambert, the cgs unit of brightness, is the brightness of a perfectly diffusing surface radiat- 
ing or reflecting one lumen per cm?. Equivalent to a perfectly diffusing surface with illumination 
of one phot. A perfectly diffusing surface emitting one lumen per ft? has a brightness of 1.076 
millilamberts. Brightness in candles per cm? is reduced to lamberts by multiplying by 7. 


A uniform point source of one candle emits 47 lumens. 

One lumen is emitted by .07958 spherical candle power. 

One lumen emitted per ft? = 1.076 millilamberts (perfect diffusion). 
One spherical candle power emits 12.57 lumens. 

One lux = 1 lumen incident per m? = .ooo1 phot = .1 milliphot. 

One phot = 1 lumen incident per cm? = 10,000 lux = 1000 milliphots. 
One milliphot = .oor phot = .929 foot-candle. 

One foot-candle = 1 lumen incident per ft2 = 1.076 milliphots = 10.76 lux. 
One lambert = 1 lumen emitted per cm? of a perfectly diffusing surface. 
One millilambert = .929 lumen emitted per ft? (perfect diffusion). 

One lambert = .3183 candle per cm? = 2.054 candles per in?. 

One candle per cm? = 3.1416 lamberts. 

One candle per in? = .4868 lambert = 486.8 millilamberts. 


Adapted from Reports of Committee on Nomenclature and Standards of Illuminating Engineer- 
ing Society. 1916 to 1918, 
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TABLE 300. — Photometric Standards. 


No primary photometric standard has been generally adopted by the various governments. In 
Germany the Herner lamp is most used; in England the Pentane lamp and sperm candles are 
used; in France the Carcel lamp is preferred; in America the Pentane and Hefner lamps are used 
to some extent, but candles are more largely employed in gas photometry. For the photometry 
of electric lamps, and generally in accurate photometric work, electric lamps, standardized at a 
national standardizing institution, are commonly employed. 

The “ International candle” is the name recently employed to designate the value of the candle 
as maintained by codperative effort between the national laboratories of England, France, and 
America; and the value of various photometric units in terms of this international candle is given 
in the following table (taken from Circular No. 15 of the Bureau of Standards). 


1 International Candle —1 Pentane Candle. 
1 International Candle = 1 Bougie Decimale. 
1 International Candle =1 American Candle. 
1 International Candle 1.11 Hefner Unit. 
1 International Candle = 0.104 Carcel Unit. 


Therefore 1 Hefner Unit = 0.90 International Candle. 
The values of the flame standards most commonly used are as follows: 


10.0 candles. 
0.9 candles. 
9 6 candles. 
1.0 candles. 


1. Standard Pentane Lamp, burning pentane . .... . 
2. Standard Hefner Lamp, burning amyl acetate. . .. . 
3. Standard Carcel Lamp, burning colzaoil. . . ... . 
4. Standard English Sperm Candle, approximately . . . . 


TABLE 301. — Intrinsic Brightness of Various Light Sources. 


National Electric 


Sun at Zenith . 
Crater, carbon are 
Open carbon arc 
Flaming arc 
Magnetite arc . 
Nernst Glower 
Tungsten incandescent, 1. 15 w. p.c: 
Tungsten incandescent, 1.25 W. p.c: 
Tantalum incandescent, 2.0 w. p. 
Graphitized carbon Blament, 2.5 
Ww. pc. A 
Carbon incandescent, aor w. p. ae 
Carbon incandescent, 3.5 w. p. ¢. 
Carbon incandescent, 4.0 W. p. Cc. 
Inclosed carbon arc e c.) 
Inclosed carbon arc (a. c.) 
Acetylene flame (x ft. burner) . 
Acetylene flame (34 ft. burner) 
Welsbach mantle 5 
Welsbach (mesh) 6 
Cooper Hewitt mercury pcs Jamp 
Kerosene flaine 5 F 
Candle flame . 
Gas flame (fish tail) . 
Frosted incandescent lamp. 
| Moore carbon- dioxide tube lamp 


Barrows. 


C. P. per Sq. In. 


of surface 
of light. 


600,000 
200,000 
10,000-50,000 

5,000 
800-1,000 
1,000 
75° 


625 
480 
375 
300 
100-500 


75-100 


20-25 


16.7 
4-8 
3-4 
3-8 
4-8 
0.6 


Ives & Luckiesh. 


C. P. per Sq. In. 
of surface 
of light. 


84,000 


4,000 
(115v.6 amp. d.c.) 3,010 


1,000 
580 


750 
485 
400 
325 


53-0 
33-0 
31-9 
56.0 
14.9 

9.0 


2.7 


C. P. per Sq. 


Mm. of sur- 


face of light. 


auip 
Association. 


C. P. per Sq. In. 


of surface 
of light. 
600,000 


200,000 
10,000-50,000 
5,000 
(1.5 W-p.c.) 2,200 
1,000 


875 
75° 


625 
480 


Taken from Data, 1911. 
TABLE 302.— Visibility of White Lights. 


Candle Power. 
Range. 


1 sea-mile—= 1855 meters. 
Cc. == oe 


it 


1 Paterson and Dudding. 2 Deutsche Seewarte. 
1 micro-calorie through 1 cm, at 1 m.==0.034 sperm candle = 0.0385 Hefner unit (no diaphragm) = 0.043 Hefner 
unit (diap. 14 X 50mm.). Coblentz Bul. B. of S., 11, p. 87, 1914. 
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BRIGHTNESS OF BLACK BODY. CROVA WAVE-LENGTH, MECHANICAL EQUIVALENT 
OF LIGHT, LUMINOUS INTENSITY AND EFFICIENCY OF BLACK BODY. 


The values of L, the luminous intensity, are given in light watts/steroradian/cm? of radiating surface 
= (1/7) 5 a VE 4d, where V> is the visibility of radiation function. 


Mechanical equivalent. The unit of power is the watt; of lumininous flux, the lumen. The ratio of these two quan- 

tities for light of maximum visibility, \ = 0.556 , isthe stimulus coefficient Vm; its reciprocal is the (least) mechanical 
equivalent of light, i.e., least since applicable to radiation of maximum visibility. A better term is ‘‘ luminous equiva- 

lent of radiation ot maximum visibility.”’ One lumen =o0.001406 watts (Hyde, Forsythe, Cady); or 1 watt of radia- 
tion of maximum visibility (A = 0.556 u) = 668 lumens. 

White light has sometimes bee. defined as that emitted by a black body at 6000° K. 

The Crova wave-length for a black body is that wave-length, , at which the luminous intensity varies by the 
same fractional part that the total luminous intensity varies for the same change in temperature. 


Dich ot ox Ray, ee a TABLE 304.— Luminous, Total Intensity and 


Equivalent of Light.* Radiant Luminous Efficiency of Black Body.* 


Bright- Crova Mech. 
wave- equiv. 

length, watts 

MB per /. 


Radiant 
Total intensity | luminous 
oo T+ watt/cm? | efficiency. 


Luminous 
intensity 
L watt/cm? 


T, degrees 
absolute. 


0.001478 


.762 

.189 

.515 X IO 
.905 X 10 
.365 X Io 
-903 X 10 
-529 X10 
.250 X IO 
.077 X I0 
.020 X 10 
.087 X Io 
.291 X Io 
470 X I0% 
-645 X 10? 
-134 X 108 
-351 X 108 
+356 X 103 
-432 X 103 
.814 X rot 


-34 X 1075 
-45 X 10° 8 
.46 X 1073 
.88 X 10% 
.85 X 102 
-34 X 102 


0.001491 


0.001498 


0.001498 


0.001407 


0.001496 


0.001407 


0.001407 


0.001502 


©.OOI5II 


099999009090909099090900 
HO OWHWE HH OOMNW DN HNO HOW ND 
HN DP HPHONIAUME OH NH HHH 


0.001496 


* Hyde, Forsythe, Cady, Phys. Rev. 13, p. 45, * Coblentz, Emerson, Bul. Bureau of Standards, 14, p. 255, 
1919. Ig17. 
; Nore. — Minimum energy necessary to produce the sensation of light: Ives, 38 X 1071; Russell, 7.7 * 10710; 


Reeves, 19.5 X 107%; Buisson, 12.6 X 10710 erg. sec. (Buisson, J. de Phys. 7, 68, 1917.) 


__ Color temperature (temp. black-body same color) soo w. gas-filled lamp (22 1/w) 3082°k; 900 w. gas-filled movie 
lamp, 22.7 1/w, 3086°k; crater 65y. 10 amp. arc, solid carbon, 3780°k; cored carbon 3420°k. Priest, 1922. 


- TABLE 305. — Color of Light Emitted by Various Sources.* 


Color, Color, 
Source, percent} Hue. Source. per cent] Hue. 
white. white. 


RAHN Ge «osteo vies ere Dictatacete ais ee N-filled tungsten, 0.50 WDC.......4+ 
r Average clear sky... ccsccccccccees N-filled tungsten, 0.35 Wpc........ 


Btandatd Candle... ccesecee eerie Mercury vapor arc......... itd dre\s 
Hefner lamp..... Sra ciale wheat areraa crete Helium tube..... Biase 
Pentane lamp 

Tungsten glow lamp, 1.25 wpe 

Carbon ,Jow lamp, 3.8 wpc 

Nernst glower, 1.50 wpc ier 
N-filled tungsten, 1.00 wpc Acetylene flame (flat)............. 


* Jones, L. A., Trans. Ill, Eng. Soc., Vol. 9 (1914). 
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EFFICIENCY OF. VARIOUS ELECTRIC LIGHTS. 


Bryant and Hake, Eng. Exp. Station, Terminal 
Univ. of Ill. Watts, 


Regenerative d.-c., series arc 
Regenerative d.-c., multiple arc 
Magnetite d.-c., series arc 

Flame arc, d.-c., inclined electrodes 
Mercury are, d.-c., multiple 

Flame arc, d.-c., inclined electrodes 
Flame arc, d.-c., vertical electrodes 
Luminous arc, d.-c., multiple 

Open arc, d.-c., series 

Magnetite arc, d.-c., series 

Flame arc, a.-c., vertical electrodes 
Flame arc, a.-c., inclined electrodes 
Open arc, d.-c., series 

Tungsten series 

Flame arc, a.-c., inclined electrodes 
Inclosed are, d.-c., Series 
Luminous arc, d.-c., multiple 
Tungsten, multiple 

Nernst, a.-c., 3-glower 

Nernst, d.-c., 3-glower 

Inclosed arc, a.-c., series 

Inclosed arc, a.-c., series 
Tantalum, d.-c., multiple — 
Tantalum, a.-c., multiple 

Carbon, 3.1 w. p. c., multiple 
Carbon, 3.5 w. p. c., series 

Carbon, 3.5 w. p. c., multiple 
Inclosed arc, d.-c., multiple 
Inclosed arc, d.-c., multiple 
Inclosed arc, a.-c., multiple 


Inclosed arc, a.-c., multiple 


ame) emgeiteecs) 8) enone 
ARNON Ah 


Ives, Phys. Rev., V, p. 390, 1915 eae 


(see also VI, p. 332, 1915); computed Commercial Rating ‘ — Watts In- 


ssuming I = 0. 2 . put or True 
assuming I lumen = 0.00159 watt. ficiency, 


Open flame gas burner Bray 6’ high pressure ’ 0.00035 
Petroleum lamp : .0004 
Acetylene 1.0 liters per hour ‘ .OOTT 
Incandescent gas (low pressure) .350 lumens per B, t. u. per hr. : Role} ce) 
Incandescent gas (high pressure) .578 lumens per B, t. u. per hr. : 0031 
Nernst lamp : .0076 
Moore nitrogen vacuum tube 220-v. 60-cycle, 113 ft. ; .008 3 
Carbon incandescent (treated filament) | 4-watts per mean hor. C. P. A 0041 
Tungsten incandescent (vacuum) 1.25 watts per hor. C. P. : 013 
Carbon arc, open arc 9.6 amp. clear globe Bel 01g 
Mazda, type C 500-watt multiple .7 w. p. c. ' 024 
Mazda, type C 600 C. P. -20 amp. .§ w. p. ¢. h O31 
Magnetite arc, series 6.6 amp. direct current F 034 
Glass mercury arc 40-70 volt; 3.5 amperes : .036 
Quartz mercury arc 174-197 volt; 4.2 amperes : .067 
Enclosed white flame carbon arc 10 ampere, A. C. : .042 
. 4 se t 6.5 ampere, D. C, : .057 
Open.arc “: “  ‘Anclined 10 ampere, A. C, 046 
BPse tel SE daa 8 at a 10 ampere, D. C. ; 044 
Enclosed yellow flame carbon arc 10 ampere, A. C. ; 050 
f w es - as 6.5 ampere, D. C. : 054 


@penrarc,e “, inclined Io ampere, A. C. : .066 
‘ “ 6c 


“ ‘ “cc 


Io ampere, D. C. O71 
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PHOTOGRAPHIC DATA. 
TABLE 307. — Numerical Constants Characteristic of Photographic Plates. 


Abscissae of figure are log E = log Jt (meter- 
candles-seconds); 

Ordinates are densities, D = 1/T ; 

E =exposure =J (illumination in meter-can- 
dies) X # seconds; 

D, the density of deposit = 1/T, where T is the 
ratio of the transmitted to incident intensity on de- 
veloped plate. 

a = inertia = intercept straight line portion of 
curve on log £ axis. 

S = speed = (some constant)/7; y= gamma= 
tangent of angle a. 

L = latitude= projected straight line portion of 
characteristic curve on log E axis, expressed in ex- 
posure units = Anti log (6 — a). 

The curve illustrates the characteristic curve of a 
photographic plate. 


TyptcAL CHARACTERISTIC CURVE OF PHOTOGRAPHIC PLATE. 


TABLE 308. — Relative Speeds of Photographic Materials. 


_ The approximate exposure may be obtained when the intensity of the image on the plate is known. Let L be the 
intensity in meter-candles; E, the exposure in seconds; P, the speed number from the following table; then E = 
1,350,000/(ZL X P) approximately. 


Plate. i Relative 
speed. 


Extremely high speed 

High speed 

Medium speed 

Rapid high contrast Rapid gas-light, soft grade 

Medium speed high contrast Rapid gas-light, medium contrasty..... 
Process, slow contrast Rapid gas-light, contrasty 

Lantern plate Professiona 


TABLE 309. — Variation of Resolving Power with Plate and Developer. 


The resolving power is expressed as the number of lines per millimeter which is just resolvable, the lines being 
opaque and separated by spaces of the same width. The developer used for the comparison of plates was Pyro-soda; 
the plate for the comparison of developers, Seed Lantern. The numbers are all in the same units. Huse, J. Opt. Soc. 
America, July, 1917. 


Plate. Albumen. | Resolution. Process. Lantern. Medium High speed. 
speed. 
Resolving power 8r 67 62 35 27 


Resolving Resolving Developer. Resolving 


power. power. 


Developer. P wer 


Developer. 


Pyrocatechin 
Pyro-metol 
Eikon.-hydroquinone . . 
Ferrous oxalate....... 
Caustic hydroquinone. . 
Eikonogen 
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PHOTOGRAPHIC DATA. 


TABLE 310. 


Visual 
efficiency. 
Lumens 
per 

watt. 


(a) 


Source. 


Ordinary 
plate. 


Mercury are, quartz 

“Nultra” Blas: ae 
crown glass. . 

Carbon arc, ordinary 


“ 


“ sé 


white flame 


Magnetite arc 
Carbon glow-lamp 
Carbon glow-lamp 
Tungsten vacuum lamp 
vacuum lamp 
nitrogen lamp 
nitrogen lamp 
blue bulb 
blue bulb 
Mercury arc (Cooper Hewitt).... 


HO AHO nF 
a 


NR 


(a) Relative efficiencies based on equal illumination. 
(b) Relative efficiencies based on equal energy density. 


Ortho- 
chromatic | chromatic 


— Photographic Efficiencies of Various Lights. 


Photographic efficiency. 
(b) 


Ortho- Pan- 
chromatic |chromatic 
plate. 


Pan- Ordinary 


plate. plate. 


oa0 
nw 


hIMO QW n oo 
NO HNIwWDNOO 
RO AONUs 


wn 
> 


Taken from Jones, Hodgson, Huse, Tr. Ill. Eng. Soc. ro, p. 963, 1ors. 


TABLE 311. — Relative Intensification of Various Intensifiers. 


Bleaching solution. 


Mercuric bromide 


Blackening solution. 


Amidol developer 


Mercuric chloride Ammonia 
Potassium bichromate + hydro- 

Amidol developer 
Schlippe’s salt 
Sodium sulphide 


chloric acid 


Lead ferricyanide 

Uranium formula 

Potassium permanganate + hydro- 
chloric acid 

Cupric chloride 

Potassium ferricyanide + potassium 
bromide 


Sodium stannate 
Sodium stannate 


Sodium sulphide 
Paraminophenol developer 


Spal and Huse, J. Franklin Inst. March 3, ror8. 


Tntensi- 


Reference fication. 


oe solution (Monckhoven 

so! 

Bleach ‘unis to Ben- 
nett; blackener.* 


Pipe 


bee B.J., f p. 186, ’17. 
B. J. Almanac.* 
& 


B. J. Almanac. * 
Desalme, B. J.,f p. 215, ’12. 


Ordinary sepia developer. 
Hgl2 according to Bennett. 


Almanac, see annual Almanac of British Journal of Photography. 


+ B. J. refers to British Journal of Photography. 
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WAVE-LENGTHS OF FRAUNHOFER LINES. 


For convenience of reference the values of the wave-lengths corresponding to the Fraunhofer 
lines usually designated by the letters in the column headed “index letters,” are here tabulated 
separately. The values are in ten millionths of a millimeter, on the supposition that the D line 
value is 5896.155. The table is for the most part taken from Rowland’s table of standard wave- 
lengths. 


De ae 


Wave-length in 


Wave-length in 


Index Letter. Line due to— endian Cae: 


Index Letter, Line due to — centimeters va": 


7621.28* Fe 4308.081 
7594-06* Ca 4307.907 
7164.725 4226.904 
6870.182 TF 4102.000 
6563.045 3968.625 
6278.303 } 3933-825 
5896.1 55 3820.586 
5890.186 3727-778 
587 5.985 3581.349 
5270.558 3441-155 
5270.438 3361.327 


5269.723 3286.898 


5183.791 3181.387 
5172.856 3179-453 
5169.220 3100.787 


——_ ee ee ee eS 


5169.069 3100.430 


5167.678 3100.046 


: 5167.497 3047-725 


4861.527 3020.76 


4383.721 2994-53 
4340.634 2947-99 
4325.939 


* The two lines here given for A are stated by Rowland to be: the first, a line “ beginning at the 
head of A, outside edge”; the second, a “ single line beginning at the tail of A.” 
+ The principal line in the head of B. 

+ Chief line in the a group. 

See Table 321, Rowland’s Solar Wave-lengths (foot of page) for correction to reduce these values 
to standard system of wave-lengths, Table 314. 
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STANDARD WAVE-LENGTHS. 
TABLE 313.—Absolute Wave-length * of Red Cadmium Line in Air, 760 mm. Pressure, 15° C. 


6438.4722 Michelson, Travaux et Mém. du Bur. intern. des Poids et Mesures, 11, 1895. 
6438.4700 Michelson, corrected by Benoit, Fabry, Perot, C. R. 144, 1082, 1907. 
6438.4096 (accepted primary standard) Benoit, Fabry, Perot, C, R. 144, 1082, 1907. 


* In Angstréms. 10 Angstroms = 1 mu = 10-8 mm. 


TABLE 314.—International Secondary Standards. Iron Arc Lines in Angstroms, 


Adopted as secondary standards at the International Union for Codperation in Solar Research 
(transactions, 1910). Means of measures of Fabry-Buisson (1), Pfund (2),and Eversheim (3). Re- 
ferred to primary standard = Cd. line, A = 6438.4696 Angstroms (serving to define an Angstr6m). 
760 mm., 15°C. Iron rods, 7 mm. diam. length of arc, 6 mm.; 6 amp. for A greater than 4000 
Angstroéms, 4 amp. for lesser wave-lengths; continuous current, ++ pole above the —, 220 volts; 
source of light, 2 mm. at arc’s center. Lines adopted in 1910. 


Wave-length. | Wave-length. | Wave-length. | Wave-length. | Wave-length. Wave-length. | Wave-length. 


4282.408 4547.8 53 4789.657 5083.344 5405-780 561 5.661 6230.734 
4315.089 4592.65 4878.225 5110415 5434-527 56598.836 6265.14 
4375-934 4602.947 4903-325 5167.492 5455-014 5763.013 | 6318.02 
4427.314 | 4647-439 | 4919.007 5192.363 5497-522 | 6027.059 | 6335.341 
4466.550 4691.417 5001.881 5232-957 5506.784 6065.492 6393-612 


4494.572 4707.288 5012.073 5266.569 5569.633 6137-701 6430.859 
4531-155 47 30.786 5049.827 5371-495 5586.772 | 6191.568 | 6494.993 


TABLE 315,—International Secondary Standards. Iron Arc Lines in Angstréms. 
Adopted in 1913. (4) Means of measures of Fabry-Buisson, Pfund, Burns and Eversheim. 


Wave-length. | Wave-length. | Wave-length. | Wave-length. | Wave-length. | Wave-length. | Wave-length. 
anon ene Ps 2 eee eee a 
3370.789 " 3606.682 3753-615 3906.482 4076.642 4233-615 | 6750.250 


3399-337 3640.392 3805.346 | 3907.937 | 4118.552 5709-396 5857-259 Ni 


3485-345 3676.313 3843.261 3935.818 4134.685 6546.250 | 5892.8 
3513.821 3677.629 3850.820 3977-746 4147.676 6592.928 
3550.881 3724.380 3865.527 4021.872 4191.443 6678.004 


(1) Astrophysical Journal, 28, p. 169, 1908; (2) Ditto, 28, p. 197, 1908; (3) Annalen der Physik, 30, 
p. 815, 1909. See also Eversheim, zid. 36, p. 1071, 1911 ; Buisson et Fabry, zdia, 38, p. 245, 19123 
(4) Astrophysical Journal, 39, Pp. 93, 1914, 


TABLE 316.—Neon Wave-Lengths. 


Wave In- Wave In- Wave In- Wave 
tensity.| length. j|tensity.| length. |tensity.) length, |tensity.} length. 


6217.280 
6266. 495 
6304.789 
6334-428 
6382.991 


5820.155 
5852. 488 
5881 .895 
5944 .834 
5975-534 


6329.097 
674.338 
6096 . 163 
6143-062 
6163.504 


3515.192 
3520.474 
3503-526 
3593-634 
3000, 170 


3633 .664 
5330-779 
| 5341.090 
5400. 562 
| 5764-419 


6717 .043 


rary 
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6402.245 
6506.528 
6532.883 
6508 .953 
6678.276 


PATIO GRP ON 
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5 
6 
6 
6 
5 
4 
5 
6 
4 
4 


International Units (Angstroms). Burns, Meggers, Merrill, Bull. Bur. Stds. 14, 765, 1918. 
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TERTIARY STANDARD WAVE-LENGTHS. IRON ARC LINES. 


For arc conditions see Table 314, p. 266. For lines of group c class 5 for best 
results the slit should be at right angles to the arc at its middle point and the current 
should be reversed several times during the exposure. 


Inten- 


Inten- i 
si sity. 


Inten- 
sity. 


Wave-lengths. | Class. Wave-lengths. | Wave-lengths. | Class. 


*2781.840 
*2806.98 5 
*2831.559 
*2858.341 
*2901.382 
*2926.584 
*2986.460 
*3000.453 
* 3053-070 
*3100.838 
*31 54.202 
Ae 7-389 
R257. 
*3307 238 
*3347.932 
*3389.748 


5332-909 
5341.032 
5365-404 
5405.780 
5434-528 
5473-913 
5497-521 
5501-471 
5506.784 
$5535-419 
5503-612 
5975:352 
6027-059 
6065.495 
61 36.624 
6157-734 
6165.370 
6173-345 
6200.323 
6213.441 
6219.290 
6252.567 
6254.269 
6265.145 
6297.802 
6335.342 
6430.859 
6494-992 


4337-052 
4369.777 
4415.128 
4443.198 
4461.658 
4489.746 
4528.620 
4619.297 
4786.811 
4871.331 
4890.769 
4924.773 
4939-68 5 
4973-113 
4994-133 
5041.076 
5041.760 
5051.641 
5079.22 
5079-743 
5098.702 
5123.729 
5127.366 
5150.846 
3059-913 5151.917 
3922.917 5194-950 
*3956.082 5202.341 
*4009.718 5216.279 
*4062.451 5227.191 
14132.063 5242.495 
1417 5.639 5270.356 
14202.031 5328.043 
14250.791 5328.537 


Le | 


4 
fi 
3 
3 
4 
5 
5 

“4 
4 
2 
4 
4 
4 
4 
4 
3 
5 
5 
5 
6 
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* Measures of Burns. t Means of St. John and Burns. 

+ Means of St. John and Goos. Others are means of measures by all three. References: St. John and Ware, 
Astrophysical Journal, 36, 19123 38, 1913; Burns, Z. f. wissen. Photog. 12, p. 207, 1913, J. de Phys. 1913, and unpub- 
lished data; Goos, Astrophysical Journal, 35, 1912; 37, 1913. The lines in the table have been selected from the 
many given in these references with a view to equal distribution and where possible of classes @ and 4. 


For class and pressure shifts see Gale and Adams, Astrophysical Journal, 35, p. 10, 1912. 
Class a: “This involves the well-known flame lines (de Watteville, Phil. Trans. A 204, p. 139. 


1904), i.e. the lines relatively strengthened in low-temperature sources, such as the flame of the are, 


the low-current arc, and the electric furnace. (Astrophysical Journal, 24, p. 185, 1906, 30, p. 86, 
1909, 34, Pp. 37, IQII, 35, p. 185, 1912.) The lines of this group in the yellow-green show small but 
definite pressure displacements, the mean being 0.0036 Angstro6m per atmosphere in the arc.” 
Class 6: “To this group many lines belong; in fact all the lines of moderate displacement under 
pressure are assigned to it for the present. These are bright and symmetrically widened under 


_ pressure, and show mean pressure displacements of 0.009 Angstr6m per atmosphere for the lines 


in the region A 5975-6678 according to Gale and Adams. Group ¢ contains lines showing much 
larger displacements. The numbers in the class column have the following meaning: 1, sym- 
metrically reversed; 2, unsymmetrically reversed ; 3, remain bright and fairly narrow under pres- 
sure; 4, remain bright and symmetrical under pressure but become wide and diffuse; 5, remain 
bright and are widened very unsymmetrically toward the red under pressure.” 

For further measures in International units see Kayser, Bericht iiber den gegenwartigen 
Stand der Wellenlangenmessungen, International Union for Codperation in Solar Research, 1913. 
For further spectroscopic data see Kayser’s Handbuch der Spectroscopie. 
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268 TABLE 318. 
REDUCTION OF WAVE-LENGTH MEASURES TO STANDARD CONDITIONS. 


The international wave-length standards are measured in dry air at 15° C, 76 cm pressure. Density variations of 
the air appreciably affect the absolute wave-lengths when obtained at other temperatures and pressures. The follow- 
ing tables give the corrections for reducing measures to standard conditions, viz.: 6 = Ao(mo — mo’) (d — do)/do in 
ten-thousandths of an Angstrom, when the temperature /° C, the pressure B in cm of Hg, and the wave-length A in 
Angstroms are given; mand d are the indices of refraction and densities, respectively; the subscript o refers to standard 
conditions, none, to the observed; the prime’ to the standard wave-length, none, to the new wave-length. The tables 
were const.ucted for the correction of wave-length measures in terms of the fundamental standard 6438.4606 A of the 
cadmium red radiation in dry air, 15°C, 76 cm pressure. The density factor is, therefore, zero for 15° C and 
76 cm, and the correction always zero for \ = 6438 A. As an example, find the correction required for A when meas- 
ured as 3000.0000 A in air at 25° Cand 72 cm. Section (a) of table gives (d — do)/do = —.o85 and for this value of 
the density factor section (b) gives the correction to A of —.0038 A. Again, if X, under the same atmospheric condi- 
tions, is measured as 8000.0000 A in terms of a standard )’ of wave-length 4000.000 A, say, the measurement will 
require a correction of (0.0020 + 0.0008) = +.0028 A. Taken from Meggers and Peters, Bulletin Bureau of Stand- 
ards, 14, p. 728, 1918. 


TABLE 318 (a).— 1000 x (d— do)/do. 


TABLE 318 (&).— 6 = do(M0—No’) (d— do) /do, in Ten-thousandth Angstroms. 


Wave-lengths in Angstroms. 


2500 | 3000 | 3500 | 4000 | 4500 | 5000 | 5500 | 6000 |6500 | 7000 |7500 


Corrections in ten-thousandth Angstroms. 


—6r1 —-44 —30 —18 —8 
i Ss ee 
POR TOY) SO) StS Clee, 
Al 36 884 8 


—42 ~—30 —21 —13 —6 
—38 ~—27 -—I9 -—II —5 
—33 —-24 —-16 ~—1I0 ~—4 
~—28 -—20 ~14 -8 —4 
—24 —-I7 -I2 -7 3 


~—14 -—-9 ~-6 —2 

—-I0 —-7 —-4 -—2 

oh) eGR ea oe 

-3 —2 -I -I 
° ° 


aes 1 
arth ane 
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TABLE 3°9. 269 
SPECTRA OF THE ELEMENTS. 
The following figure gives graphically the positions of some of the more prominent lines in the spectra of some of 


the elements. Flame spectra are indicated by lines in the lower parts of the panels, arc spectra in the upper parts, and 
spark spectra by dotted lines. 


H i ‘ Mag a \ t 


<— violet —< blue green Xyellowx orangex——_ red >> 


The following wave-lengihs are in Angstroms. 


5889.0965 4202 4023 5168 
5805.932 4216 4063 5173 
4044 5648 5105.543* 5184 
4047 5724 5153-251 * 5529 
5802 6207 5218. 202* 4525 
7668 62090 5700 5563 
7702 5351 5782.090* 5589 
4132 4102 5782.159* 5799 
4602 4511 4055 6453 
6104 4046. 4212 3970 
6707 4078. 4669 4102 
4555 4358. 5209.081* 4340 
4593 4916. 5465. 489* 4861 
5664 4959. 5472 6563 
5045 5460. 5623 3187. 743T 
6o1r 5769. 4680. 138* 3888. 646T 
6213 , 5700. 4722.164* 4026. 189F 
6724 6152 4810. 535* 4471.4777 
6974 : 6232 4912 4713.143T 
4925 eae 
103 5015.675 
For other elements, see Kayser’s Handbuch der 6362.345* 5875. 618f 
Spectroscopie. 6678. 140T 
* Fabry and Perot. 7 Merrill. 7065.188f 
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270 TABLE 320. 
SPECTRUM LINES OF THE ELEMENTS. 


Table of brighter lines only abridged from more extensive table compiled from Kayser and containing 10,000 lines 
(Kayser’s Handbuch der Spectroscopie, Vol. 6, rgr2). 


Wave- “gs Wave- Wave- 
lengths, Intensities. lengths, Intensities. lengths, 
inter- | Ele- inter- | Ele- inter- 
national |ment. mafonke ment. nator 
Ang- ng- ng- 
le Arc. |Spark.|Tube. eipaia: Arc. |Spark.|Tube. Seeeal: . |Spark.| Tube. 


Intensities 
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, ! TABLE 320 (continued). 271 
: SPECTRUM LINES OF THE ELEMENTS. 


Wave- ‘ Wave- ‘ Wave- . 
feneths: Intensity. iene Intensity. Ieeenn, Intensity. 
inter- | Ele- inter- | Ele- inter- | Ele- 
national |ment. national |ment. national |ment. 
Ang- ng- A 
stroms. . |Spark./Tube!| ctroms. Arc |Spark. moar . |Spark./Tube. 


4477. 
81. 
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10 
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Nore. — This table, somewhat unsatisfactory in its abridged form, is included with the hope to occupy its space 
later with a better table; e.g., no mercury lines appear since the scale of intensity used in the original table results 
_ in the intensity of all mercury lines falling below the critical value used in this table. 
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TABLE 321. 
STANDARD SOLAR WAVE-LENGTHS., 


ROWLAND’S VALUES. 


° . ~ . . 
Wave-lengths are in Angstrém units (10°’ mm.), in air at 20° C and 76 cm. of mercury pressure. 
The intensities run from 1, just clearly visible on the map, to 1ooo for the H and K lines; below 
1 in order of faintness to 0000 as the lines are more and more difficult to see. 


only the lines above 5. 


This table contains 


N indicates a line not clearly defined, probably an undissolved multiple line ; s, a faded appear- 
ing line; d,a double. In the “substance” column, where two or more elements are given, the 
line is compound; the order in which they are given indicates the portion of the line due to each 
element ; when the solar line is too strong to be due wholly tu the element given, it is represented, 
-Fe, for example; when commas separate the elements instead of a dash, the metallic lines coin- 


cide with the same part of the solar line, Fe, Cr, for example. 


Capital letters next the wave-length numbers are the ordinary designations of the lines. A indi- 
cates atmospheric lines, (wv), due to water vapor, (O), due to Oxygen. 


Wave- 


length Substance. 


3037.510S 
3047-7258 
3953-53505 
3054-429 
3057-5528 
3059.21 2s 
3067.369s 
307 3-091 
3078.7 69s 
3088.14 5s 
31.34.2308 
31838.656 
3230.703s 
3239.170 
3242.125 
3243-189 
3247.688s 
3256.021 
3267.834s 
3271.129 
3271.79! 
327 4.096s 
3277.482 
3286.898 
3295-951S 
3302. 510s 
331 5.807 
3318.160s 
3320. 39% 
3336.820 
3349-597 
3361.327 
3365.908 
3300.31 
3369-713 


Ano nwn 
aS 


wv 


NN HO 
BANC BO 
“wv 


NI 
~v 


oo 
> Ae 


on 
Da, V00N 


wv 


Wave-length. 


3372-947 
3380.7 22 
3414.911 
3423.848 
3433-715 
3440.762s } 
3441.1558 
3442.118 
3444.020s 
3446.406 
3449-583 
3453.039 
3458.60 
3401.801 
3462.9 50 
3466.01 58 
3475-5948 
3476.849s 
3483-923 
3485-493 
3490.7 338 
3493-114 
3497.982s 
3500.996s 
3510.466 
3512.785 
3513.965s 
3515.200 
3519 904 
3521.410s 
3524-677 
3526.183 
3.526.988 
3529-964 
3533-156 


-_ 


to 


AAAVAO ON NN OAC 


Wave- 
length. 


3533-345 
3536-709 
3541-237 
3542.232 
3555-079 
3558-6728 
3505-5358 
acer 522 
3570-2738 
3572-014 
3572-712 
3578.832 
3581-3498 
3534.800 
3585-105 
3585-479 
3585-559 
3587.130 
3587.370 
3588.084 
3593-636 
3594-754 
3597-854 
3005.4798 
3606.838s 
3609.008s 
361 2.882 
3617.934s 
3618.919s 
3619-539 
3621.612s 
3622.147s 
3031.605s 
3640.5 358 
3642.820 


lon) 
ND 
NOM AACS ALO ON COW AN COO™ OV 


Inten- 
sity. 


We Neb 
NWOWOAADAVIO YO ANN GD 


ty 


Corrections to reduce Rowland’s wave-lengths to standards of Table 314 (the accepted standards, 1913). Temperature 


15° C, pressure 760 mm. 


* The differences ‘‘ (Fabry-Buisson-arc-iron) —(Rowland-solar-iron) ” lines were plotted, a smooth curve drawn, and 


the following values obtained : 


Wave-lengch 
Correction 


3100. 3200. 


—.115 —.124 


3500. 3600. 
54. ets 


H. A. Rowland, “A preliminary table of solar-spectrum wave-lengths,’’ Astrophysical Journal, 1-6, 1895-1897. 
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TABLE 321 (continued). 


STANDARD SOLAR WAVE-LENGTHS. ROWLAND’S VALUES. 


Inten- 


Wave-length. | Substance. Wave-length. | Substance. 


Wave-length. | Substance. 


i 


3647.988s 
3051-247 
3051.614 
3676.457 
3680.069s 
3084.258s 
3685-339 
3086.141 
3687.610s 
3089.614 
3791.234 
3705-7088 
3706.17 5 
3709-3898 
3716.591S 
37 20.0848 
3722.6928 
3724.526 
3732-5458 
3733-4698 
3735-0148 
3737-2818 
37 38-406 
3743-508 
74597178 
3740.058s 
3748.408s 
3749-6318 
3753:732 
3758-3758 
3759-447 
3760.196 
3761.464 
3763-9458 
3765.689 
s 3418 
3775-717 
3783-6748 
3788.046s 
3795-1478 
3798.6558 
3799-6938 
3805.486s 
3800.865 
3807.293 
3807.631 
3814.698 
3815.9878 
3820.586sL 
3824.591 


sity. 
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3826.0278 
3827.980 
3829.501S 
3831.837 
3832.450s 
3834-304 
3838.435s 
3840.580s 
3841.195 
3845.606 
3850.118 
3856.5248 
3857-805 
3858.442 
3860.055s 
3865.674 
387 2.639 
3878.152 
3878.720 
3886.4 34s 
3887.196 
3894.211 
3895-803 
3899-850 
3903-090 
3904.023 
3905.660s 
P 3906.628 
3920.410 
3923-054 
3928.07 5s 
ae 
033: 
3933.82 sK 
3934-10 
3944-160s 
3956.819 
3957-1778 
3961.674s 
3968.350 
3908.62 5sH 
3968.886 
3969.413 
397 4.904 
3977-8918 
3986.9038 
4005.40 
4030.918s 
4033-2248 
4034.644s 


4045-97 58 
4055-701 
4057.668 
4063.7 59s 
4008.137 
407 1.908s 
4077.885s 
4102.000H6 
4121.4778 
4128.251 
4132-235 
4137.19 
4140.089 
4144.038 
4167.438 
4187.204 
4191.595 
4202.198s 


| 4226.904s¢ 


4233-772 
4236.112 
4250.2875 
4250.94 5s 
4254.505s 
4260.640s 
4271.9348S 
4274.9 58s 
4308.08 1sG 
4325-939S 
4340.634Hy 
4376.107s 
4383-7208 
4404.9278 
4415-2938 
4442.510 
4447.0928 
4494.7 388 
4528.798 
4534-139 
4.549.808 
4554.211s 
4572.1 56s 
4603.126 
4629.521s 
4679.027s 
4703-1778 
4714.599s 
47 36.963 
47 §4.225s 
4783.61 38 
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H Corrections to reduce Rowland’s wave-lengths to standards of Table 314 (the accepted standards, 1913). Temperature 
15° C, pressure 760 mm. : 


Wave-length 3600, 


e 3700. 3800, 3900. 4000. 4100. 4200, 4300. 4400. 4500, 4600, 4700, 4800, 
| Correction 


1155 — 1140 —o14t —.144 —.148 — 152 —.156 — 161 — 3167 —.172 —.176 —.179 —.179, 
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Wave-length. 


4861.5278F 
4890 948s 
4891.683 
4919-1748 
4920.63 5 

1) 4957-7858 
5050.008s 
5167.497sb4 
5171.778s 
5172.856sby 
5183.791sby 
5233-1228 
5266.7338s 
5269.723sE 
5283.802s 
5324-3738 
5328.236 
§340.121 
5341-213 
5307.669s 
5370-166s 
5383.578s 
5597-3448 
5405.989s 
5424-290s 
5429.91 
5447.130s 
5528.641s 
5569.848 
5573-075 
5590:991 
5588.985s 
5615.877s 
5688.436s 
71 1.3138 
5763.218s 
5857-6748 
5862.552s 
5890.186s D2 
§896.155 Dy 
5901.682s 
5914.430s 
5919.860s 
5930.406s 
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TABLE 321 (continued). 
STANDARD SOLAR WAVE-LENCTHS. 


Wave-length. 


5948.765s 
598 5.040s 
6003.239s 
6008.78 5s 


| 6013.7158 


6016.861s 


| 6022.016s 


6024.281s 
6065.709s 
6102.392s 
6102.937s 
6108.3 34s 
61.22.4348 
61 36.829s 
6137-915 

6141.938s 
6155-350 

6162.390s 
6169.249s 
6169.778s 
6170.7 30 

6191.3938 
6191.779s 
6200. 527s 
6213.644s 
6219.494s 
6230.943s 
6246.535s 
6252.77 38 
6256.572s 
6301.718 

6318.239 

6335-554 

6337.048 

6358.898 

6393-820s 
6400.217s 
6411.865s 
6421.570s 
6439.293s 
6450.03 3S 
6494.004s 
6495.213 

6546.479s 


Substance. 


ROWLAND’S VALUES. 
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Wave-length. 


Sub- Inten- 
stance, sity. 


6563.045sC 


67.457sB 


65931618 
6 
6868. 336 ts 


6886.000s 
6886.990s 
6889.192s 
6890.1 51s 
6892.618s 
6893.560s 
6896.289s 
6897 208s 
6900.199s 
6901.1178 
6904.362s 
pa ae 
6908.78 3s 
6909.676s 
6913.448s 
691 4.3378 
6918.370s 
6919.250s 
6923.5538 
6924.427S 
7191.755 

Bae 


Corrections to reduce Rowland’s wave-lengths to standards of Table 314 (the accepted standards, 1913). Temperature 


15° C, pressure 760 mm. : 


Wave-length 4800, 5000. 5100+ 5200. 5300. 5400. 5500. 5600. 5700, 5800, 
Correction —.179 — 1.173) 1170 1166 = —.172 —.212 —.217 —.218 —.213° —.209 
Wave-length 5800. 6000. 6100. 6200. 6300. 6400. 6500. 6600, 6700, 6800, 
Correction —.z09 —.209 —=.213° —=.214 —.213) —.210 —.209 —.2I0. 
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TABLE 322. ay 5 
SPECTRUM SERIES. 


The flame spectrum. lines of the elements are comparatively few. These remain prominent in the arc with the appear- 
nce of many more. In the spark the typical arc lines tend to disappear with the appearance of entirely new lines. 
Those thus intensified or only appearing in the violent action of the condensed spark have been called ‘‘enhanced” lines. 
is order of development may be taken as one due to increasing temperatures. The spectra of compounds are invaria- 
sly banded; different sets of bands indicate oxides, chlorides, etc. Banded spectra of the elements are generally assumed 
o be due to molecules, the simpler spectra to atoms, and the enhanced spectra to atoms with one electron lost (ionized.) 
The enhanced spectrum of He is similar to that of H except that the wave-lengths are shortened because of the increased 
attraction of the heavier nucleus, 2e in place of e. te 

In the spectra of many elements and compounds certain lines or groups of lines (doublets, triplets, etc.) occur in or- 
derly sequence, each series with definite order of intensity (generally decreasing with decreasing wave-length), pressure 
effect, Zeeman effect, etc. Such series generally obey approximately a law of the form 


ye Me dy 
A (m+R)2 


vhere v is the wave-number in vacuo (reciprocal of the wave-length A) generally expressed In waves per cm; m is a varia- 
le integer, each integer giving a line of the series; L is the wave number of the limit of the series (m = qo); N, the “Uni- 
versal Series Constant’’; and R is a function of m, or a constant in some simple cases. 

Balmer’s formula (1885) results if L = N/n?, where 1 is another variable integer and R= 0. Rydberg’s formula (1889) 
akes R a constant, and L is not known to be connected with N. Other formulae have been used with more success. 
Mogendorff (1906) requires R = constant/m, while Ritz (1903) has R = constant/m*. Often no simple formula fits 
the case; either R must be a more complex function of m, or the shape of the formula is incorrect. 

Bohr’s theory (see also Table 515) gives for Hydrogen. 


N= {2n2me(M+m)} /Mhs, 


=L 


v= 


there e and m are the charge and mass of an electron, M the atomic weight, and h, Planck’s constant. The best value 
N is 109678.7 international units (Curtis, Birge, Astrophys. J. 32, 1910). The theory has been elaborated by Som- 
erfeld (Ann. der Phys. 1916), and the present indications are that N is a complex function varying somewhat from 
lement to element. 

Among the series (of singles, doublets, etc.), there is apt to be one more prominent, its lines easily reversible, called 
he principal series, P(r). With certain relationships to this there may be two subordinate series, the first generally 
ifftuse. D(m), and another, S(m). Related to these there is at times another, the Bergmann or fundamental series, B(m). 
r F(m). m is the variable integer first used above and indicates the order of the line. 

The following laws are in general true among these series: (1) In the P(m) the components of the lines, if double, 
tiple, etc., are closer with increasing order; in the subordinate series the distance of the components (in vibration 
imber) remains constant. (2) Further, in two related D(m) and S(m), Av (vibration number difference) remains 
hesame. (3) The limits (L) of the subordinate series, Dim) and S(m), are the same. (4) Av of the subordinate series 
the same Av as for the first pair of the corresponding P(m). (5) The limits (LZ) of the components of the doublets 
triplets, etc.) of the P(m) are the same. (6) The difference between the vibration numbers of the end of the P(m) 
nd of the two corresponding subordinate series gives the vibration number of the first term of the P(m). The first 
ne of the S(m) coincides with the first line of the P(m) (Rydberg-Schuster law). The limit of the Bergmann or funda- 
ntal series is the first term of the diffuse series (Runge law). 

In the spectrum of an element several of these families of series P(m), D(m), S(m), B(m) may be found. For further 
information see Baly’s Spectroscopy and Konen’s Das Leuchten der Gasen, 1916, from the latter of which is taken the 
| following tables, based greatly upon Dunz’s Die Seriengesetze der Linienspektra, Diss., Tubingen, rorz, which has 
Iso appeared in book form, Hirzel, Leipzig. 

The ‘“‘complexity” of the lines of a series is constant throughout a column in the periodic table, varying from one col- 
mn to another. The displacement law of Kossel and Sommerfeld states that when an element is ionized (losing an elec- 
| tron) the enhanced spectrum takes on the same type of “‘complexity”’ as the arc spectrum belonging to the element of 
le preceding column (to the left) but with lines shifted to a higher frequency. If two electrons are lost,.tHe-displace- 
nent is two columns to the left. If the outer ring has an odd number of electrons the spectrum will consist of! doublets; 
even, of triplets and singlets. 

(discussion continued on page 441) 


Series Spectra of the Elements. — The ordinary spectrum of H contains 3 series of the same kind: one in the ultra- 
jolet region; Schumann region, v = N(1/1? — !/n?), n, 2,3...; one in the visible, y = N(!/22— 1/n2), n, 3, 4, 5%. 45 
nd one in the infra-red, » = N(1/32— 1/n*), n, 4, 5,6... He has three systems of series, one ‘enhanced,’’ including 
e Pickering series formerly supposed to be due to H. The next two tables give some of the data for other elements. 
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TABLES 3823-324. 
SPECTRUM SERIES. 


TABLE 323.— Limits of Some of the Series. 


48,764 
32,031 


27,429 
27,173 


For the series of Zn, Cd, Hg, Al, Sn, Tl, O, S, Sn, see original reference. 
* 48 Jines have been measured in this series 


12,186 


12,204 


48,764 
38,453 
43,484 
*41,445 


35,006 
33,685 
31,407 
62,306 
61,093 


? 


? 


TABLE 324.— First Terms of Some of the Series. 


27,419 
29,221 
29,222 
28,581 
24,472 
24,489 
21,963 
22,020 
20,868 
21,106 
19,074 
20,228 
31,523 
31,771 
30,621 


\ 32,542 


is 


60,423 
60,646 


55,029 
55,830 


49,926 
51,616 


12,186 48,744 27,420 12,186 _— 
12,208 _ — = — 
12,202 _ — _— - 
12,274 _ _ _ _ 
13,471 = = = = 
14,330 = = a = 
16,809 a. = _ = 
16,907 
12,372 pre VE! tes pe 
12,366 
12,351 = == = = 
39,752 
? 20,467 39,793 | 13,707 — 
39,813 
33,983 | 28,929 
28,929 | 17,761 34,089 | 28,950 | 49,353 
34,142 | 28,964 
31,02 27,605 
= = 31,420 | 27,705 | 45,8905 
31,607 | 27,76 
_— ? ? ? 48,318 


from 16,956 to 41,417. 


Vibration Number Differences of 
Pairs Av, and Triplets Av, Av>. 


For the P(m) and the S (m) is given only the first or second term, since the term with index o may be omitted 


coinciding with the first term of the S(m) or P(m) respectively. Consequently the numbers always proceed fro 
greater to smaller wave-lengths. Which is the common line can always be recognized 


See figure on the preceding page. The vibration differences can be obtained from Table 323. 


P(z) 


21,334 
4,857 


9,231 


14,003 
16,973 
16,956 
13,043 
12,085 
12,817 
12,579 
11,733 
11,178 
30,783 
39,535 
30,472 
30,551 


35,760 
35,068 


D(z) 


14,970 
17,014 
17,015 
16,379 
12,215 
12,198 
8,552 
8,403 
6,776 
6,538 
3,321 
2,767 
19,158 
IQ,I51I 
19,19 
18,271 
11,352 
35,831 
355739 
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S(z) 


34,043 


B(z) 


S(1) B(1) 


from the vibration numbe' 
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TABLE 325. — Index of Refraction of Glass. 


Indices of refraction of optical glass made at the Bureau of Standards. Correct probably to 0.cooor. The com- 
ape paren yelens to the raw material which went into the melts and does not therefore refer to the composition of 
the finished glass. 


—_——————_ |F | 


4046. 


4078. 
4340. 


| 
| 


4358. 
4861 


4910. 


5461. 
5769. 
5799. 


ano RAD “IH 00 


1.58112 


I. 58038 
1.57818 
1.57638 


5893. 
6234. 
6563. 


6708. 
7682. 


oONn 


1.57567 
1.57183 


On 


(Percentage composition) 
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TABLE 326.— Dispersion of Glasses of Table 325. 


eS Oe ee Ess SS eee eee 


1.51714 1.52430 : 1.57406 1.62725 
0.00868 0.00820 , 0.01014 0.01391 O.O1I2I 0.01700 | 0.01904 


59.6 63.9 x 56.6 41.7 Seer 36.9 34.4 


0.00612 0.00578 0.00715 0.00991 0.00792 0.01216 | 0.01363 
0.00492 0.00460 0.00577 0.00831 0.00641 0.01032 0.01168 
0.00256 | 0.00242 | 0.00337 ©.00299 | 0.00400 | 0.00329 | 0.00484 | 0.00541 
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TABLE 327, — Glasses Made by Schott and Gen, Jena. 


The following constants are for glasses made by Schott and Gen, Jena: 7a, 7c, “p, 7p, Ma, are 
the indices of refraction in air for A=0.7682n, C=0.6563u, D=0.5893, F=0.4861, G’/=0.4341. 
V=(zp—1)/(#r—nc). Ultra-violet indices: Simon, Wied. Ann. 53, 1894. Infra-red: Rubens, 
Wied. Ann. 45, 1892. Table is revised from Landolt, Bornstein and Meyerhoffer, Kayser, Hand- 
buch der Spectroscopie, and Schott and Gen’s list No. 751, 1909. See also Hovestadt’s “Jena 
Glass.” 


Catalogue ‘Type = O 546 O 381 O 184 O 102 S57 


: : eke | Higher Dis- | Light Silicate | Heavy Silicate | Heavy Silicate | Heaviest Sili- 
Designation Zinc-Crown. | persion Crown. Flint. Flint. Flint. cate Flint. 


Melting Number= 3092 1151 451 469 500 163 
v = 60.7 51.8 41.1 32:7 ; 22.2 


Cd 0.2763 1.56759 - - ~ 

Cd .2837 1.56372 - - - 
.29380 1.55723 1.57093 1.65397 = 
+3403 1.54369 1.55262 1.63320 1.71968 
-3610 I 53897 1.54664 1.61388 1.70536 


+4340 1.52788 1.53312 1.59355 1.67561 
4861 1.52299 1.52715 1.58515 1.66367 
-5893 1.51698 1.52002 1.57524 1.64985 
-6563 1.51446 1.51712 1.57119 1.64440 
+7682 1.51143 1.51368 1.50669 1.63820 


800K 1.5103 1.5131 1.5659 1.6373 
1.200 1.5048 1.5069 1.5585 1.6277 
1.600 1.5008 1.5024 3.5535 1.6217 
2.000 1.4967 1.4973 1.5487 1.6171 
2.400 - = 1.5440 1-6131 


2 
em) 
bp 
5 
v 
wi 
o 
> 
= 
ce) 
= 
is] 
= 
ic 
4 
we 
3 
ie) 
= 
wa 


Percentage composition of the above glasses: 
SiOz, 65.4; K2O, 15.0; NagO, 5.0; BaO, 9.6; ZnO, 2.0; Mn2Osz, 0.1; AseOz, 0.4; 
B2Os, 2.5. 
SiOg, ee PbO, 13.3; NazgO, 15.7; ZnO, 2.0; MnOg, 0.1; As2Qs, 0.2. 
SiOg, 53-7; PbO, 36.0; K2O, 8.3; NagO, 1.0; MngQOsz, 0.06; AsgQOs, 0.3. 
SiOz, 40.0; PbO, 52.6; KoO, 6.5; NagO, 0.5; Mn2Os, 0.09; AseOs, 0.3. 
SiOg, 29.26; PbO, 67.5; K20O, 3.0; Mn2O3, 0.04; As2Osz, 0.2. 
SiOg, 21.9; PbO, 78.0; As2Os, 0.1. 


TABLE 328.— Jena Glasses. 


No. and Type of Jena Glass. 2 for D 


O 225 Light phosphate crown . . 5159 
O 802 Boro-silicate crown. . . . -4907 
UV 3199 Ultra-violet crown . . 5035 
O 227 Barium-silicate crown. . . +5399 
O 114 Soft-silicate crown . . . . PSs 
O 608 High-dispersion crown. . “5149 
UV 3248 Ultra-violet flint . é 

O 381 High-dispersion crown 

O 602 Baryt light flint 

S 389 Borate flint . . 

O 726 Extra light flint . 

O 154 Ordinary light flint . 

0) 184 “ec ra 6s - 

O 748 Baryt flint . . 


O 102 Heavy flint 


“c 


Osos ae 3 
S 386 Heavy flint. 
S 57 Heaviest flint 


No. and Designation. 


S57 Heavy silicate flint - 
O 154 Light silicate flint . . 
O 327 Barvt flint light 

O 225 Light phosphate crown 


Pulfrich, Wied. Ann. 45, p. 609, 1892. 
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TABLE 330. 
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— Index of Refraction of Rock Salt in Air. 


A(u). 

0.185409 | 1.89348 0.88396 1.534011 iD 1.516014 
.204470 | 1.76964 972298 1.532532 1.515553 
-291 308 1.61325 Gs .98220 1.532435 P 1.513028 
-358702 | 1.57932 % 1.036758 | 1.531762 1 1.513467 
-441587 1.55962 4 1.1786 1.530372 P 1.511062 
486149 | 1.55338 . 1.530374 L 1.508318 
- 1.553406 L lip 558137 1.528211 a 1.506804 
s 1.553399 lt 1.70% So 1.527440 P 1.502035 
58902 1.544340 i 1.527441 L 1.494722 
58932 1.544313 P ese 1.526554 < 1.481816 
656304 1.540072 Ie 2.35728 1.525863 1 1.471720 
§ 1.540702 L iL 1.525849 lL, 1.460547 
706548 I 538633 P 2.9466 1.524534 P 1.454404 
766529 | 1.536712 Ee 3.5359 1.523173 = 1.447494 
-76824 1.53666 M 4.1252 1.521645 P 1.441032 

.78576 1.536138 P es 1.521625 1 1.3735 

2 88396 1.534011 P 5.0092 1.518978 P 1.340 

ae Ms, 
2— 72 a 4 2 = 
| n?=a tote —ha2—hat or=6 +a =9 wot ea Awa? 

| where a?= 2.330165 Ao? =0.02547414 52 = 5.680137 
M,=0.01278685 k=0.000928 5837 M3=12059.95 

A1?=0.0148500 A= 0.000000286086 A3?= 3600. (P) 


ee a Coe 


TABLE 331 


+3-134 


Mz=0.005343924 


Mi 


+1.570 ““ 
—o.187 
—2.727 


L Annals of the Astrophysical Observatory  P 
of the Smithsonian Institution, Vol. I, 1900. Pl 


0.441 
.§08 | —3-517 
-643 | —3-636 


—}3-425 | Mi 


7] D 


sé F “i 
G’ “cc 


C line 


« — Change of Index of Refraction for 1° C in Units of the 5th Decimal Place. 


0.76cn | —3-73 
1.305 | —3.88 
1.88 —3.85 
4.3 — 3.82 


Paschen, Wied. Ann. 26, 1908. 
Pulfrich, Wied. Ann. 45, 1892 


M Martens, Ann. d. Phys. 6, rgot, 8, 1902. RN Rubens and Nichols, Wied. Ann. 60, 1897. 


Mi Micheli, Ann. d. Phys. 7, 1902. 


TABLE 3382. — Index of Refraction of Svivite (Potassium Chloride) in Air. 


Pen ee ae Se SCC TF 


oA ee 


0.185409 
200090 
-21946 
257317 
.281640 
308227 
-358702 
394415 
467832 
508606 
-§8933 
.67082 
78576 
.88 398 
.98220 


1.82710 
1.71870 
1.64745 
1.58125 
1.55830 
1.54136 
I.§2115 
1.51219 
1.50044 
1.49620 
1.49044 
1.48669 
1.483282 
1.481422 
1.480084 


1.478311 
1.47824 
1.475890 
1.47589 
1.4747 51 
47 3534 
1.47394 
1.47 3049 
1.47 304 
1.471122 
1.47129 
1.470013 
1.47001 
1.468804 
1.46880 


1.462726 
1.46276 
1.4608 58 
1.46092 
1.45672 
1.45673 
1.44919 
1.44941 
1.44346 
1.44385 
1.43722 


os oS 9 


~ 


a 
. 


ZVZVEVAVS 


M, My Mm, Mp 
ates he is EO ee Se FN A pe ee 
cs es esa ere voingae heli eae Sra ee 7a 
a a*= 2.174967 Ao” =0.0255550 (2? = 3.866619 
E M,=0.008344206 £=0.000513495 Ms3= 5569-715 


Ay2=0.01 19082 
Mz =0.0069 


8382 


A=0.000000167 587 


As’= 3292.47 = (P) 


W Weller, see Paschen’s article. Other references as under Table 331, above. 
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INDEX OF REFRACTION. 
TABLE 333.— Index of Refraction of Fluorite in Air. 


1.50940 é 1.42641 
1.49629 ; 1.42596 
1.48462 .62 1.42582 
1.47762 A 1.42507 
1.46476 : 1.42437 
1.44987 P 1.42413 
1.44697 2.062 1.42359 
1.44214 2. 1.42308 
1.43713 we 1.42288 
1.43393 s ; 1.42199 
1.43257 ; 1.42088 
1.43200 3 1.42016 
1.43157 .7502 1.41971 
1.43101 : 1.41826 
1.42982 ; 1.41707 
1.42787 We 1.41612 
1.42690 ‘ 535 1.41379 
1.42641 03 1.41120 


2 MM, MN M. 
4— q? De ft Ob Fe 3 
n a ae wr é Jf oF = Ting See 28 
where 2? = 2.03882 i mined oe M3 = 5114.65 
M, = 0.0062183 42 = 6.09651 A= 1260.56 
Ai” = 0.007706 Mz = 0.0061386 Ay =0.0940u 
€ =0.0031999 A,? = 0.00884 Ar = 35-5¢ (P) 


TABLE 334, —Change of Index of Refraction for 1°C in Units of the 5th Decimal Place. 
C line, —1.220; D, —1.206; F, —1.170; G, —1.142. (Pl) 


TABLE 335.— Index of Refraction of Iceland Spar (CaCO) in Air. 


C Carvallo, J. de Phys. (3), 9, 1900. Pl Pulfrich, Wied. Ann 45, 1892. 
M Martens, Ann. der Phys. (4) 6, 1901, 8, 1902. RA Rubens- ‘Aschkinass, Wied, Ann. 67, 1899. 
P Paschen, Wied. Ann. 56, 1895. S Starke, Wied. Ann. 60, 1897. 


TABLE 336. —Index of Refraction of Nitroso-dimethyi-aniline. (Wood.) 


Nitroso-dimethyl]-aniline has enormous eee ye reve and green, metallic absorption in violet. See Wood. 
hil. Mag 1993. 
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INDEX OF REFRACTION. 


TABLE 337. — Index of Refraction of Quartz (Si0.). 
Wave: Index Index Tempera- Index Index 


Ordinary | Extraordinary oC Ordimary | Extraordinary 
Ray. Ray. tune © C. ‘ Ray. Ray. 


Tempera- 


length. ture °C. 


“Me 
0.185 1.67582 | 1.68999 18 : .54189 | 1.55001 18 
-193 | -65997 | 67343 i -54099 | -54998 “A 


.198 | .65090 .66397 é 53917 54811 
.206 | .64038 -65300 : 5329 


214 | .63041 64264 | 
.219 | .62494 -63698 
231 | .61399 .62560 
257 | .59022 60712 
274 | 58752 5QSI1 : ; Rubens. 
349 | 56748 | -57738 We | 
.396 | -55815 |  -56771 
410 | .55050 50600 
486 | .54908 55806 
0.589 | 1.54424 | 1.55334 


Except Rubens’ values, — means from various authorities. 


TABLE 338, —Indices of Refraction for various Alums.* 


Index of refraction for the Fraunhofer lines. 
c | D E 
Aluminium Alums. RAI(SO,),+12H,0.f 


Na 1.43492 | 1.43563 | 1.43653 | 1.43884 | 1.44185 | 1.44231 | 1.44412 
NH,(CH3) 45013] .45062| .45177| .45410] .45691| .45749] -45941 
K -45226/ .45303| -45398| -45645| -459034| -459096) .46184 
-45232| -45328] .45417| -45660| .45955| -45999| -46192 

-45437| -45517| -45018| .45856| -46141| .46203] .46386 

-45509| -45599| -45093| -45939| -46234| -46288) .46481 

-49226| .49317| .49443| -49745| -50128| .50209| .50463 


Chrome Alums. ACr(SO,).4-12H,O.¢ 


| 


-47865| .48137] -48459| -48513| -48753| -49309 
.47868} .48151} .48486|] .48522] .48775] .49323 
48125} .48418| .48744| .48794] .49040| .49504 
-51923| .52280] .52704| .5§2787] .53082| .53808 


1.47836 | 1.48100 | 1.48434 | 1.48491 | 1.48723 1.49280 


Iron Alums. RFe(SO,),4-12H,0.+ 


7-11 | 1.47639 | 1.47706 | 1.47837 | 1.48169| 1.48580] 1.48670] 1.48939] 1.49605 
7-20] .47700| .47770| .47894| .48234| -48654] .48712] .49003] .49700 
20-24] .47825] .47921| .48042| .48378| .48797| .48867] .49136] .49838 
7-20] .47927| .48029| .48150} .48482] .48921| .48993] -49286| .49980 
15-17] .51674| .51790| .51943| .52365] .52859| .52946| .53284] .54112 


* According to the experiments of Soret (Arch. d. Sc. Phys. Nat. Genéve, 1884, 1888, and Comptes Rendus, 1885). 
+. R stands for the different bases given in the first column. 


For «ther alums see reference on Landolt-Bornstein-Roth Tabellen. 
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TABLE 339. 


INDEX OF REFRACTION. 


Selected Monorefringent or Isotropic Minerals. 


The values are for the sodium D line unless otherwise stated and are arranged in the oe of increasing indices, 


Selected by Dr. Edgar T. Wherry from a private compilation of Dr. E. S. Larsen of the U.S 


Villiaumite 


Cryolithionite 


Uvarovite 
Andradite 
Microlite 
Nantokite 
Pyrochlore 
Schorlomite 


Picotite 
Cerargyrite 
Mosesite 
Chromite 
Embolite 


Bunsenite 
Lewisite 


Sphalerite 


Perovskite.... 
Diamond..... 


Eglestonite. 
Hauerite 
Aiabandite 
Cuprite 
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Senarmontite....... 


Manganosite........ 


NaF 
3NaF.3LiF.2AlF3 
$iO2e.nH2O0 


CaF2 
K20.Al203.4SO03.24H20 
3.Na,0.3Al,053.65i0,.2NaCl 


iO» 
Bee at Ons 


5Na.0.3Al,0;.6SiO,.2S03 
Like preceding + CaO 
4Na20.3Al.03.6SiO2. NaoS¢ 
K,0.Al,03.4S109 

aes 2Al,03.9Si0,.H2,O0 
NaCl ® 

Al,O.. nH,0O 

pFen0s anes: 3K,0.5H,O 


3iCa Me Mn)O.As205 


BAO. Al2O3.3Si02 
3(Mn, Fe)O. ace 35102.MnS 
3Mg0.Al203.3Si0O2 
As203 

3CaO. at Fe)203.3Si02 
(Mg, Fe)O.Als:Os 
3FeO.Alz03.3S5i02 

FeO. Al203 

ZnO. Al2Os 
3Mn0.Al203.3Si02 
CaO 

3CaO.Cr203.3SiO2 
3CaO.Fe203.35i02 
6CaO.3Ta20s.CbOFs 
CuCl 


Contains CaO, Ce203, TiO2, etc. 


3CaO.(Fe, Ti)203.3(Si, Ti)O2 
PbO. CuCle.H20 

(Mg, Fe)O.(Al, Cr)203 
2Bi203.3 5102 

AgCl 

Lentains Hg, NH, Cl, etc. 


-Cr203 


Sb2O3 
Ag(Br, Cl) 
MnO 


NiO 
5CaO.2TiO2.3Sb205 
a Agl 


Contains CaO, FeO, TiOz, etc. 
On Fe, Mn)O.(Fe, Mn)203 
(Zn, Fe)S 

CaO.TiOz 


(e 
HgO.2HgCl 


+3 
ATO 2s ge 
.490 (Li light) 
. 690 (Li ligh) 
. 700 (Li light) 
849 


PY KDNYHDNNHDKDKHDNVHKDHNKDNHNDNNNDKDNKNKHHHH HHH RHR HHH RR HR RR RRR RRR RRR 


. Geological Survey. 


Index of 
refraction, | 


A = 0. 580u. : 


328 


-339 
-400-1.440 
-434 
-450 
483 
. 486 
. 487 
+499 
-495 
-490 
. 500 


509 


-525 
-544 
-570 
.676 
+723 
+727 
-736 
-736 
-739 
-745 
-755 


.18 (Li light) 
. 200 
. 200 
253 
. 330 


3405 
.360 (Li light) 


370-2.479 
80 


TABLE 340. 83 
INDEX OF REFRACTION. 


Miscellaneous Monorefringent or Isotropic Solids. 


Index of * 
Substance. wai TERaEEIONL Authority. 


. 4890 Larsen, 1909 

- 546 Mtihlheim 

.6422 See 

+5755 aTsen, INOD 

635 E. L. Nichols 

: 621 “e “se 4s 

.0052 Beer 

- 4623 Bedson and Williams 
: 4637 “ec 6 “s 

. 4694 

.4624 

-4630 

.4702 

.532 Kohlrausch 

. 5462 Mihlheim 
539 Mean 

Ayrton, Perry 
Mean 


Anorthite glass 
Asphalt 


wlelejel~) 


fo.) 
a 
is} 
=~ 


“és “ee ae “ec 


Borax, melted 


“ “as 


™ 
o 
Os 


ss 
“ 
ss 


Jones, rorr 
ae aa 


I 

I 

I 

I 

I 

: I 
D I 
Cc I 
D rT 
F I 
Cc I 
D x 
F t 
D I 
D I 
D 1 
I 

2 

2 

2 

i 

I 

I 


sg oomanw> 
: 

Be a 
On 
3 


Jamin 
1.514 Wollaston 
Obsidian 1.482-1.406 Various 
PIGS eG as Ae Oe ie 1442 Gladstone, Dale 
Pitch 53u Wollaston — 
Potassium bromide 5 8 593 Topsée, Christiansen 
‘ac 6574 ‘ “ac 
.6666 oe s 
Jamin 
Wollaston 
Jamin 


o 
a 


Wollaston 
Baden Powell 
Wood 


6s 
“cc 


Dussaud 
Fock 


HHNNHDNRDM AR KE eee 
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TABLE 341. 
INDEX OF REFRACTION. 
Selected Uniaxial Minerals. 
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The values are igen pe in the order of increasing indices for the ordinary ray and are for the sodium D line sia 
otherwise indicated. Se 
Gcological Survey. 


ected by Dr. Edgar T. Wherry from a private compilation of Dr. Esper S. Larsen of the U. S. 


Index of refraction. | 


Formula. ; 
Ordinary Extraordinary 
ray. ray. 


(a) UNIAxIAL PosiTIvE MINERALS. 


shad cntad tonal stews avis Le 
shite svete Rarceele mam tee xe 
Ghrysocolla . 5 Ghee sees clos Cud. SiOz. 2H20 T. 
Lat bamite ssa ot cieie ie oiotereroreteis 2CaO.Al203.5SiO2.6H20 i. 
@habazite.<ce Ai is ackiie re alee (Ca, Naz)O.Al203.4Si02.6H20 Te 
DOuglasites,. caiweceiener e+ 2KCl.FeCle.2H2O0 Ti 
Hydronephelite............. 2Na20.3Al203.6Si02.7H20 ie 
Apophylhite se... cccteeeion ses K20.8Ca0.16Si02.16H20 oe 
Quartz eaanicds enrctoate ys eo SiOz I. 
Cogumbitetnscus. coctine see Fe203.3S03.9H20 Te 
IBTUCILE = 1s salen ero teece ones Mg0.H20 Tr. 
IAVUNILE, «ae crt aicniereremistonern ett K.O. te 4S803.6H:0 ct 
IPELINIMIbES oops ere ote sr aiaieie iets 5(Mg, Fe)O.A1l203.3Si02.4H20 Tr. 
Gacoxenites .caneecieeco eke 21e203.P205.12H20 E, 
Budialite:. 5. sc gsiaie vsisteieie cross 6Na20.6(Ca, Fe)O.20(Si, Zr)O2.NaCl I. 
DioptasitesAeaeeen conc caicele CuO.SiO2.H20 Tr, 
Phenacite.<.sise<0.0 wseae saree 2BeO.SiO2 ie 
Parisite. oo ose suaeeiede cee 2CeOF.Ca0.3CO2 7 
Willemites i28%s<hyeisaodarcs eee 2Zn0.SiO2 En 
Vesuivianite 1%. « ejsccleaere snes 2(Ca, Mn, Fe)O.(Al, Fe)(OH, F)O.2Si02 I. 
SM GNOtIME acciawersote atheros Y¥203.P205 ce 
Gonnellitess, gee ccrecrcecitn ashe: 20CuO.SO3.2CuCle.20H20 Tis 
IBENILOLE. sf tats lore cine eneeew es BaO.TiO2.3Si02 Te 
Ganomalite/s 3... caeete ce 6PbO.4(Ca, Mn)O.6Si0O2.H20 Ts 
Scheelite:.. jepe-scactadab ones CaO.WOs3 I. 
ZALCOM 053 siete steaterg sae ote ZrO2.SiO2 Ls 
Powellite? <4 cnn ctoce eer CaO.MoOs Ti. 
Calomel. . . BES cl peel Cll ae 
Cassiterite . SnO2 I. 
Zincite.... ZnO 2. 
Phosgenite. PbO.PbCh.COz 2. 
Penfieldite . eh 2PbCle 2. 
Todyrite. .. Agl 2.210 2.220 
Tapiolite. . FeO. (Ta, Cb)20s 2.270 2.420 (Li light) 
Wurtzite. .. ZnS 2.356 2.378 
Derbylite.... 6FeO.Sb203.5TiOz 2.450 2.510 (Li light) 
Greenockite. . CdS 2.506 2.529 
Rutile. ......<. TiOe 2.616 2.903 
Wolssamiterae ese een = CSi 2.654 2.697 
G@innabarite ss a. cect erences HgS 2.854 3.201 


(6) UntaxtaL NEGATIVE MINERALS. 


@hiohite << store cect sae tte 2NaF.AIF3 1.349 1.342 
UANKSIG:« c)o ass: eae matalorere 11Na20.9SO3.2CO2.K Cl 1.481 1.461 
Phaumasite: wees teenies 3CaO.CO2.Si02.SO3.15H20 1.507 1.468 
Hydrotaleite ss S360. cescees: 6MgO.Al2O3.CO2.15H20 1.512 1.408 
Gancrimitene sap acacte 4Na20.Ca0.4Al203.2CO2.9Si02.3H20 I.524 1.406 
IMAI te. cai Mclomielslenicteeieleu K20.4Ca0.2Al203.24Si02.H20 1.532 1.529 
IKaliopbilite iss semucsoetecets K20.Al2O3.2SiO2 1.537 1.533 
WYelite S355 ee. US ey ees AleO3.C1209.18H20 1.539 I.51I 
Marialites ccjee sorttectecieree “Ma” = 3Na20.3Al203.18Si02.2NaCl 1.539 1.537 
INephelites 25 .5:cc ecru slec!s Na20.Al203.2Si02 1.542 1.538 
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TABLES 341-342. 
INDEX OF REFRACTION. 
TABLE 341 (Continued). — Selected Uniaxial Minerals. 


285 


Index of refraction. 


Mineral. Formula. 


Ordinary | Extraordinary 


Tay. 


(6) Untaxtat NEGATIVE MINERALS (continued). 


3BeO.Al203,6SiO2 
CuO.2U03.P205.8H20 

“Me” = 4Ca0.3Al203.6SiO2 
Contains Na2O, CaO, AlsO3, SiOz, etc. 
oCAO susOE ta, Cl)2 


aO0,COz 
2CaO,Al203.Si02 
Contains Na20, FeO, AleOs, B2O3, SiOz, etc. 
CaO.Mg0.2CO2 
Magnesite Mg0O.COz 
See 


Pyromorphite Rats 3P20s. PbCle 

Barysilite 3Pb0.2SiO2 

Mimetite 9PbO.3As20s.PbCle 
bO.PbCle 


PbO.WO3 
(Mg, Fe)O.TiO2 


eee 
Wulfenite. .. 
Octahedrite 
Massicotite 
Proustite 
Pyrargyrite 


oPbO.3V20s.PbCle 
PbO.MoOs3 


3Ag2S.AseSs 
3Ag2S.Sbe2S3 


2090 “AL 
-304 (Li light) 
493 “ 
-535 (Li light) 
7 711 “cc oe 
" 88r “ oc 


“ 


WORN NHNNHHNHNHNKDN NRHA HARRAH Re 
HNNONNNNDHNHDNKONDSDS AAR HR HAR HHH RAO 


Hematite. , -940 


TABLE 342.— Miscellaneous Uniaxial Crystals. 


Index of refraction. 


Crystal. Authority. 


Ordinary |Extraordinary 
ray. ray. 


Ammonium arseniate NHsH2AsOx 
Benzil (CeHsCO)2 

Corundum, Al2O3, sapphire, ruby 
Ice at —8° C 


sco kk 


Ivory 


- 5706 
-6588 
-769 
-308 
-207 
+539 
-5762 
-5074 
. 5632 
-457 
. 586 
447 
5173 
- 5109 
-5078 
-614 


. 5217 and C= 
6784 Mean 

- 760 Osann 

313 Meyer 
304 “6 

541 Kohlrausch 
-5252 T. and C 

- 5179 “6 

. 5146 

. 466 Mean 

4 336 “ 
-453 
-4930 aang: 
.4873 “c “ “ 
4844 : 
.599 Martin 


Potassium arseniate KH.As,O, 


“ “ “ 


Sodium arseniate NasAsO4.12H2O 
x nitrate NaNOs 
“ phosphate NasPO4.12H20 
Nickel sulphate NiSOs. ieee 


“cc “ “é 


Strychnine sulphate 


“cc 


wlelolzlolelelole\lelsiclelele) 
HHH HH HHH RO ROR OR OO Oe 
bo ee en ee Be De Do Bo 


* Topsée and Christiansen. 
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2 86 TABLE 343. 
INDEX OF REFRACTION. 
Selected Biaxial Minerals. 
The values are arranged in the order of increasing 8 index of refraction and are for the sodium D line except where 


ioe Selected by Dr. Edgar T. Wherry from private compilation of Dr. Esper S. Larsen of the U. S. Geological 
urvey. 


Index of refraction. 


Ng | nB | Ny 


Mineral. Formula. 


(a) Braxtat Positive MINERALS. 


Na2O.(NH4)20.P205.9H20 
Ale03.SO3.9H20 
SiOz 
Na20.SOsz 
KCl.MgCh.6H20 
Alunogenite AlsO3.3SO03.16H2O0 
Melanterite. . <3 FeO.SO3.7H20 
Natrolite ..+| Na2zO.Al203.3Si02.2H20 
K:0.SOs 
(NHs3)20.2Mg0.P20;.12H20 
Ca0.Al203.6Si02.3H20 
(Naz, Ca)O.Al203.2Si02.3H20 
(Ke, Ba)O.Al203.5SiO2.5H20 
LizO.Al203.8Si02 
2CaO.P20s.H20 
Newberyite 2Mg0.P20;.7H20 
Gypsum CaO.SO3.2H20 
Mascagnite (NH4)20.SO3 
Albite “Ab” = Na2O.Al203.6Si02 
Hydromagnesite 4Mg0.3CO2.4H20 
Wavellite 3AleO3.2P205.12(H20, 2HF) 
Kieserite Mg0O.SO3.H20 
2Fe203.5S03.18H20 
Ca0O.C203.H20 
Al203.P205.4H20 
AbzAn3 
Gibbsite Al203.3H20 
Wagnerite 3MgO.P205.Mgl'2 
Anhydrite Ca0.SOsz 
Colemanite 2CaO.3B203.5H20 
Fremontite Na20.Al:03.P20;.(H20, 2HF) 
Vivianite : 3FeO.P205.8H20 
Pectolite ...| Na20.4Ca0.6SiO2.H2O 
2ZnO.SiO2.H20 
4Mg0.2Si0O2.Mg(F, OH): 
CuO.3 Al2O3.2P203;.9H20 
2AlOF.SiO2 
Celestite S 


rO.SOs 
Prehnite 2CaO.Al203.3Si02.H20 
O.SO.; 


Anthophyllite 

Sillimanite 

Forsterite 2Mg0O.SiO2 

Enstatite Mg0O.SiO2 

Euclasite 2BeO.Al203.2Si02.H20 
3MnO.P205.Mnk2 

Spodumenite Li2O. Al2O3.4SiO2 

Diopside CaO.MgO.2SiO2 
2(Mg, Fe)O.SiO2 
LizO.2(Fe, Mn)O.P205 


Ds coe On cee ee ee 
De es ce Oe Oe 
HHH HH HH RH HR HH RHR HH RHR RRR RH HRA ROHR HH OR HORROR OR OR Oe OR ROO 
Mee Me! Gale Oh Saar eh SL lee lis wi gdie fen wha Le kee s 0 se! sees le Gu Ae ee OO a ON ane Gee ee te we Tol 
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Mineral. 


Strengite 
Diasporite. . 
Staurolite 
Chrysoberyl.. . 


Scorodite... 
Olivenite.... 
Anglesite... 
Titanite.... 
Claudetite . 
Sulf 


Cotunnite... 
Huebnerite. . 
Manganite. . 
Raspite... 
Mendipite. .. 
Tantalite..... 
Wolframite 


Pseudobrookite. ... 
Stibiotantalite 
Montroydite 
Brookite 


Epsomite 
Sassolite 


Pickeringite 
Bloedite 
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Taare 348 (continued). 
INDEX OF REFRACTION, 
Selected Biaxial Minerals. 


Formula. 


nq 


(a) BraxtaL PositIvE MINERALS (continued). 


4Ca0.3Al203.6Si02.H20 
Fe203.P205.4H20 
Al2O3.H20 
2FeO.5Al203.4Si02.H20 
BeO.AlsO3 
3CuO.2CO2.H20 
Fe203.As2Os5.4H2O 
4CuO.As205.H20 
PbO.SO. 


Ca0.TiOe.SiOz 


(Fe, Mn)O.Ta205 
(Fe, Mn)O.WOs 
PbO.CrO3 
2Fe203.3TiO2 
Sb203.Ta205 
HgO 


(6) Braxtat NecativE MINERALS. 


Naz0.SO3.10H20 
NaF.CaF2.AlF3.H20 
NazO.CO2.10H20 
K20.Al203.4S03.24H20 
Mg0.SO3.7H20 
B203.H20 
NazO.2B203.10H20 
ZnO.SO3.7H20 
Mg0.Al203.4SO03.22H2O0 
NazO.MgO.2SO3.4H20 
3Na20.4CO2.5H20 
Naz0.CO2.H20 

(Ca, Naz)O.Al203.6Si02.5H20 
K20.N205 
Mg0.SO3.KCl.3H20 
Na20.CaO.2CO2.5H20 
CaO. Al203.3Si02.3H2O0 
CaO. Al203.4Si02.4H20 
K20.Al203.6SiO2 

Same as preceding 

(Na, K)20.Al203.6Si02 
Na20.Ca0.2SO3 : 
4(Mg, Fe)O.4Al203.10SiO2.H20 
CuO.SO3.5H20 


NNNNNNNNHNNHNDNND HHH HH eR HO 


iota ea aM adi i ie ee 


Index of refraction. 


| 7B | Ny 


NNYNHNHNNNNHNHNHNHNNDN HHH BH HBR Oe 
NHNONNHNHDHNHNNHNNHNNNDHNHND HHH HHH HEH 


Bee Ree Oe Oe oe oO OOOO Oo oe oe Oe eee oe 
Le Oe | 
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2 88 TABLE 343 (continued). 
INDEX OF REFRACTION. 
, Selected Biaxial Minerals. 


Index of refraction. 
Formula. 


(6) Braxtat Necative Crystats (continued). 


Beryllonite NazO.2BeO.P20s 
Kaolinite AlzO3.2Si02.2H20 ‘ 
ioti K:0.4(Mg, Fe)O. 2Al202.65102.H20 

CaO.2U03.P20;.8HO 
“An” = CaO.Al203.2Si0z 
La203.3CO2.9H20 
AleO3.4SiO2.H20 
3Mg0.4Si02. ey 
3ZnO.P205.4H20 
K20.3Al203.6Si02.2H20 

Amblygonite Al2O3.P205.2LiF 

Lepidolite AloO3.3Si02.2(K, Li)F 

Phlogopite K:0.6Mg0.Al203.6SiO2.2HzO 

Tremolite Ca0.3Mg0.4SiO2 

inoli ne “3 (Mg, Fe)O.4Si0O2z 


(Fe Mg)O. ae. -P20;.H20 

Ca 

Glaucophanite.............. Na20.2FeO. AleOs.6SiO2 

Andalusite Al2O3.SiO2 : 
Contains NazO, MgO, FeO, SiOx, etc. 
2CaO.2Si02.B203.Hz0 

Erythrite 3CoO.As20s.8Hz0 

Monticellite Cc i 

Strontianite 

Witherite 

Aragonite 


6(Ca, Aa)O. 2Als03.B203.8Si02.H20 
Haste B203.6Si02.H20 


3.SiO2 
pratin 3(Al, Fe)203.6Si02.Hz0 
3CuO.CuCls.3H2O 
2Fe0.Si02 


2(Pb, Cu)O.SO3.H2O 
eee COs. 


Cerussite Pb 
Laurionite PbCiPbO.H:O 
Matlockite PbO.PbCls 
Baddeleyite ZrO. 
Lepidocrocite 
2Fex03.3H20 in part 
Fe203.Hz0 
Sb20s3 
2Fe2O03.H20 in part 
AsS 


Terlinguaite Hg20Cl 
Hutchinsonite (Tl, Ag)2S.PbS.2AseS3 
Stibnite. Sbe2S3 


WNNHNRARANNHNNDNRNNKDD HHH HR RHR HHH HHH HARRAH RRR RRR RRR RO Oe 
SePUMNNG AS SRG hes Jar hg) ae, oft CRA OF iat AS Ot ae iis 056m ee Pads a nae NE Gee tee wee Mak Make eaiete «ke. siemens a 


COHN RNNKHHNHNHHHHHHHHHH HHH HR RRR RRR RAR RRR 
FPOHNNHNNNHNHNNNNNHSNSHH HR RHR HHH HR R RH HR HHH HH RR HR RHR RRR 


a 

S 
an 
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TABLES 344-345. 
INDEX OF REFRACTION. 
TABLE 344.— Miscellaneous Biaxial Crystals. 


Crystal. 


Ammonium oxalate, (NH4)2C204.H20. . . 

Ammonium acid tartrate, 
(NH4)H(CsH20e) 

Ammonium tartrate, (NH4)2CsHsOe..... 

Antipyrin, CuHi2zNO2 

Citric acid, CsHs07.H20 

Codein, CisH2:NO3.H20 

Magnesium carbonate, MgCO3.3H20. . 

sulphate, Mgs0Ox..7H20 


“ “ 


Potassium bichromate, K2Cr2Oz 
chromate, KeCrO« 


“ 


® 
A. 


elell~} 


« 


Racemic acid, CsHeOc.H20.. 

Resorcin, Ce6HsO2 

Sodium bichromate, Na2Cr2O7.2H20..... 
«« acid tartrate, NaH(CsH4Oc).2H2O 

Sugar (cane), Cie H220n 


oO 
vot 
E| 


Tartaric acid, CaHsOs (right-) 
Zinc sulphate, ZnSO.7H20 


io} she }ee| 
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Index of refraction. 


Le le A ee ee 
ais eNGTS Decne alee Te 


Lo oe oe oe | 
pietetetet 


* Topsde and Christiansen. 


Authority. 


Brio 


T. and C* 
Cloisaux 
iweh 
Schrauf 
Grailich 


TABLE 345. — Miscellaneous Liquids (see also Table 346), Liquefied Gases, Oils, 
Fats and Waxes. 


HHH He eR eee ee Oe 
CCC nC Sra age CY fim ime el ela 


-4728-1.4753 
- 4799-1. 4803 
47-1.48 

- 5301-1. 5360 
-4587 
4790-4. 4833 
-4737-1 4757 
-4757-1. 4768 
- 460-1. 467 
-4702-1.4720 


AOThOnReeCOnR FoOmMTAO TKO DAO OoOooOD 


tt et et 


Carnauba wax... . 
Cocoa butter..... 
Lard 

Mutton tallow... 


Refer- 


1. 464-1. 466 
I. 4820-1. 4852 
-I.4757-1.4768 
1I.4750-1.4762 
1. 4605-1. 4708 
1.4703-1.4718 
1.4510 
1.4723-1.4731 
1. 464-1. 468 
1.4770 

1.4677 
1.4748-1. 4752 
1.4741 

1.4742 
1.4760-1.4775 
1. 4665-1. 4672 
1.4739 

1.503 

1.4649 


CORPORA ADHAORAAAAAA Oo 


1.4552-1. 
1. 4398-1. 
I.4520-1. 
I.4560-1. 
1.4584-1. 
1.4510 


ORRROe 


References: @) Martens; (b) Bieekrode, Pr. Roy. Soc. 37, 330, 1884; (c) Liveing, Dewar, Phil. Mag., 


1892-3; (d) Tolman, Munson, Bul. 77, B. of C., 


Dept. Agriculture, 1005; 


(e) Seeker, Van Nostrand’s 


Chemical Annual. For the oils of reference d, the average temperature coefficient is 0.000365 per ° C. 
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TABLE 346. 
INDEX OF REFRACTION. 
Indices of Refraction of Liquids Relative to Air. 
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Indices of refraction. 


Substance. 0.434m | 0. 486. 
G F 


Acetaldehyde, CH;CHO 
Acetone, CHsCOCHs3 
Aniline, CeHs.NH2 
Alcohol, methyl, CH3;.0H 
etl hyl C2H;.OH 


[heise 


n/ dt. 

n-propyl mt OH. 

Benzene, C,Hg,- weaines 
- (G aH. dn/dt. 

Bromnarhthalenes Cat 

Carbon isulphide, CSs 


“tetrachloride, CCl... 
Chinolin, CoH7N 
Chloral, CCl.CHO 
Chloroform, CHCls 
Decane, CioH22 
Ether, ethyl, Peet .O.C2H5 


Ethyl nitrate, CoHs. O.NOs. . 

Formic acid, H.CO:H 

Glycerine, CsHa0s. 

Hexane, CH:(CH2)4CH . . 

Hexylene, CH3(CH2)sCH.CH2. . 

Methyl sare Mhis ecceiners 
n/dt.. Bteene 

Naphthalene, CioHs 

Nicotine, CioHisNe 

Octane, CH3(CH2)sCHs. . Bes 

Oil salmon d)ewrserreeetoal wereidars 

anise seed 


- pease 
Pa woHND 
orn 
ano 


.8027 


a 
e) 
[e) 
£ 
HHH HHH hehe en aR ba 


an ‘ 
Lt1eg 


ah 


Pentane, “CHa(Ciis )aCH3 
Phenol, CsHsOH 


Styrene, CeHsCH.CH2 
Th mol, CioHi4O 


To ae Aeris anweseen Gen 


HHA HH RHEE 


HHA HH HR HHH eH RHR RRR RR HO 


9 Go Go Go 
eon Mad 
HHA N 


References: 1, Landolt and Bornstein (a, Landolt; b, Korten; c, Brithl; d, Haagen; e, Landolt, Jahn; 
f, Nasini, Bechet: g, Eisenlohr; h, ae man; i, Auwers, Eisenlohr); 2, ’Korten; 3, Walter; 4, Ketteler: 
5, Landolt; 6, Olds; 7, Baden Powell; 8, Willigen; 9, Fraunhofer; 10, Briihl. 
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347. 


INDEX OF REFRACTION. 
Indices of Refraction relative to Air for Solutions of Salts and Acids, 


Indices of refraction for spectrum lines. 
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Substance. Density. | Temp. C. . = = Hy Authority. 
(a) So_uTions IN WaTER. 
| 
Ammonium chloride| 1.067 | 27°.05 [1.37703] 1-37936/1-38473| —-— [1.39336] Willigen. 

i ae -02 29-75 | -34850| .35050| .35515|  — -36243 i 
Calcium chloride “3 25.65 | -44000] .44279] .44938 ~ .46001 

se a SATIS, | (2210) -39411| .39652| .40206 - -41078 “ 

* .s 143 | 25.3 .37152| -37309| -37876| - 38666 s 
Hydrochloric acid .| 1.166 | 20.75 |1.40817|1.41109| 1.41774 — {1.42816 a 
Nitric acid . < -359 | 18.75 | .39893] 40181] .40857| — 41961 ss 
Potash (caustic) . -416 | I1.0 -40052| .40281) .40808 - .41637 | Fraunhofer. 
Potassium chloride .|normal solution | .34037] .34278] .34719| 1.35049 —  |Bender. 

< double normal | .34982) .35179| .35645| -35994| - se 

x ht triple normal | .35831| .36029| .36512] .36890;}  — § 
Soda (caustic) . 1.376 | 21.6 |1.41071/1.41334 1.41936] —- |1.42872/Willigen. 
Sodium chloride . 189 | 18.07 | .37562] .37789| .38322|1.38746] —-  |Schutt. 

< i 109 | 18.07 | .35751| -35959| -36442| .36823} — i 

- ‘. .035 | 18.07 | -34000] .34191| .34628] .34969]}  - ih 
Sodium nitrate 1.358 | 22.8 [1.38283] 1.38535|1-39134| — |1.40121| Willigen. 
Sulphuric acid SII 18.3 -43444| .436009| .44168 ~ 44883 a 

es sé 632 | 18.3 -42227| .42466| .42967 ~ -43694 cg 

< 22a) 18:3 36793] .37009] .37468) — 38158 ae 

a ‘ .028 | 18.3 -33063| .33862| .34285, - -34938 
Zinc chloride . 1.359 | 26.6 |1.39977|1.40222| 1.40797 - {1.41738 s 

5 “ 209 | 26.4 -37292| .37515| .38026, — 38845 a 


Ethyl alcohol . 
“ 66 


(b) Sotutions In EtHyt ALCOHOL. 


Fuchsin (nearly sat- 


Grated) = . . 
Cyanin (saturated) 


0.789 | 25.5 
932 | 27.6 

; - 16.0 
: = 16.0 


1.35791 
Be Se fis 


3918 
3831 


1.35971 
-35556 


398 


1.36395 
-35986 


301 


+3705 


1.37094 Willigen. 
-30662 us 


-3759 |Kundt. 


-3821 


Nore. — Cyanin in chloroform also acts anomalously ; for example, Sieben gives for 
a 4.5 per cent. solution w4= 1.4593, Ma = 1.4695, mr(green) = 1.4514, Me (blue) = 1.4554. 
For a 9.9 per cent. solution he gives w4== 1.4902, mr(green) = 1.4497, we (blue) = 1.4597. 


Wave- 

; Spec- | Index Index ndex 

prosth trum for for } i 

X1 line. | 1 %sol. | 2 % sol. | 3 % sol. 
ge) B } 1.3328 | 1.3342 - 
65.6| C | .3335 | -3348 | 1.3365 
61.7) - | .3343 | .3365 | .3381 
59-4{ - | .3354| -3373 | -3393 
3 D | .3353 | -3372| - 
56.3 | - | .3362 | .3387 | .3412 
553 | = | 3366) 3395 | -3417 
§27| E | .3363| - = 
§2.2) - | .3362 | .3377 | .3388 
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(c) Sotutions of PoTAsstuM 


or 
4% sol. 


1.3382 
-3391 
-3410 
3426 
+3426 
+344 
343 


* According to Christiansen. 


PERMANGANATE IN WATER.* 
Wave 
ec- | Ind Index Index Index 

fengen aa for, is for for for 
Xiof, | line. |r % sol. | 2 % sol. | 3 % sol. | 4 % sol. 
5t.6 | — | 1.3368 | 1.3385 ~ - 
50.0 | - | .3374 | -3383 | 1.3386 | 1.3404 
BOGS PIE 53877) lr = -3408 
48.0 | - | .3381 | -3395 | 3398 | -3413 
46.4 | - | .3397 | -3402 | .3414 | -342 
44.7 | — | -3407 | .3421 | .3426 | -3439 
43-4 = +3417 = = +3452 
42.3} — | -3431 | -3442 | -3457 | -3408 
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TaBLe 348. 
INDEX OF REFRACTION, 


Indices of Refraction of Gases and Vapors. 


A formula was given by Biot and Arago expressing the dependence of the index of refraction of a gas on pressure and 


temperature. 


More recent experiments confirm their conclusions. 


The formula is #,—1 = 


m6, p 
1 + at 760 


n, is the index of refraction for temperature ¢, #9 for temperature zero, a the coefficient of expansion of the ie 


with temperature, and / the pressure of the gas in millimeters of mercury. For air see lable 349 


(b) The following are compiled mostly from a table published by Briihl (Zeits. fiir Phys. Chem. vol. 7, 
The numbers are from the results of experiments by Biot and Arago, Dulong, Jamin, Ketteler, 
Lorenz, Mascart, Chappius, Rayleigh, and Riviére and Prytz. 
of one observer the name of that observer is given. 


Pp. 25-27): 


Kind of 


Substance. light. 


Acetone... D 
Ammonia 
“ 


Argon. . wae D 
Benzene. . . D 


Bromine. . D 
Carbon dioxide white 
“ “ D 
Carbon disul- i white 
phide D 
Carbon mon- white 
oxide white 
Chlorine . white 

“ce D 


Chivretanmes ail 0 


Cyanogen white 
Ethyl alcohol . D 
Ethyl ether. . D 
leith a oc D 
Hydrochloric white 
acid . D 
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Spectrum 108 (n=1) Spectrum 103 (n=1) 

line. Air. line. Air. 
A .2905 M .2993 
B 2011 N 3003 
C 2914 O 3015 
D .2922 PR 3023 
E 2933 Q "3031 
F 12943 R "3043 
G 2962 S +3053 
H .2978 T 3004 
K 2980 U +3075 
I .2987 


Indices of refraction 
and authority. 


I.001079—I.001 100 
1.000381-1.000385 
1.00037 3-1.000379 


1.000281 Rayleigh. 


I.001700-1.001823 


1.001132 Mascart. 
I.000449-1.000450 
1.000448—1.000454 
1.001500 Dulong. 

1.001 478-1.001485 


1.000340 Dulong. 
1.000335 Mascart. 
1.000772 Dulong. 
1.000773 Mascart. 
1.001 436=1.001 464 


1.000834 Dulong. 
1.000784-1.000825 
1.00087 I-1.00088 5 
1.001 §21-1.001 544 
1.000036 Ramsay. 


1.000449 Mascart. 
1.000447 et 


(a) Indices of refraction. 


Wave- 
length. Ay 
Mm 

.4861 2951 

5461 .2936 

-5790 -2930 

6563 2919 

.4360 .2971 

5462 .2937 

.6709 2918 
6.709 2881 
8.678 .2888 


Substance. 


Hydrogen . 


Hydrogen sul- 
phide 
Methane . 


“ 
Methy] alcohol. 
Methyl ether 
Nitric oxide. 


ity “ 


Nitrogen . 
“ce 


Nitrous oxide . 
“ 6c 


Oxygen 


“ 
. 


Pentane . 
Sulphur dioxide 


Water. 


O. 


-2734 
2717 
2710 
.2698 
-2743 
.2704 
.2683 
2643 
2650 


First 4, Cuthbertsons; the rest, Koch, 1909. 


When the number given rests on the authority 
The values are for o° Centigrade and 760 mm. pressure. 


Kind of 


light. 


white 


(n=1 ) 10%, 


N. H. 


3012 .1406 
.2998 Q oe 
.2982 1 387 

CO, 1418 
4506 | .1397 
4471 | 1385 
.4804 1361 
4579 | -1361 


Indices of refraction 
and authority. 


1.0001 38-1.000143 
I (000132 Burton. 
1.000644 Dulong. 
1.000623 Mascart. 
1.000443 Dulong. 


1.000444 Mascart. 
1.0005 49-1.000623 
1.000891 Mascart. 
1.000303 Iulong. 

1.000297 Mascart. 


1.00029 5-1.000300 
1.000296-1.000298 
1.000503-1.000507 
1.000516 Mascart. 
1.00027 2—1.000280 


1.00027 I-1.000272 
1.001711 Mascart. 
1.000665 Dulong. 
1.000686 Ketteler. 
1.000261 Jamin. 


1.000249-I.000259 


. 


TABLE 349, 
INDEX OF REFRACTION. 
TABLE 349.— Index of Refraction of Air (15°C, 76 cm). 


Corrections for reducing wave-lengths and frequencies in air (15° C, 76 cm) to vacuo. 
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The indices were computed from the Cauchy formula (m — 1)107 = 2726.43 + 12.288/(A? X 1078) + 0.3555/ 
a X 10716), For o° C and 76 cm the constants of the equation become 2875.66, 13.412 and 0.3777 respectively, and 
lor 30° C and 76 cm, 2589.72, 12.259 and 0.2576. Sellmeier’s formula for but one absorption band closely fits the 
observations: 2? = 1 + 0.00057378A2/(A2 — 595260). If — 1 were strictly proportional to the density, then (”—1)o/ 
(nm — 1)t would equal 1 + at where a should be 0.00367. The following values of a were found to hold: 

0.85 0.75 és 0.65 ¢ 0.55 0.45é 0.35M 0.25 

Qa 0.003672 0.003674 0.003678 0.003685, 0.003700 0.003738 0.003872 
The indices are for dry air (0.05 + % COz). Corrections to the indices for water vapor may be made for any wave- 
length by Lorenz’s formula, + 0.000041 (m/760), where m is the vapor pressure in mm. The corresponding frequencies 
in waves per cm and the corrections to reduce wave-lengths and frequencies in air at 15° C and 76 cm pressure to vacuo 
are given. E.g.,a light wave of 5000 Angstroms in dry air at 15° C, 76 cm_ becomes s5001.391 A in vacuo; a frequency 
of ances waves per cm correspondingly becomes 19994.44. Meggers and Peters, Bul. Bureau of Standards, 14, p. 731, 
1918. 


Fre- Fre- Vacuo 


Rieye- py air} Vacuo | quency peteection Dry air | Vacuo | quency a pari 

engt nm — 1) |correction|Waves per OS ae (nw — 1) |correction | Waves per aS ae aie 

4 ; 2 Pa oe a0 cm for A ae A X x0! for A in air cm for Ro 
15 ni — A). i I I I I 

76 cm Add. x aha x) * |) stroms. 5 (4-5 : 

in air. Subtract. } in air. | Subtract. 


41,666 


40,000 

38,461 

37,037 

35,714 

34,482 : : 15,625 


00000 


15,384 
15,151 
14,025 
14,705 
14,492 


33,333 
32,258 
31,250 
30,303 
20,411 


90000 


28,571 
27,777 
27,027 
26,315 
25,041 


14,285 
14,084 
13,888 
13,698 
13,513 


HAHHHO 


25,000 
24,390 
23,809 
23,255 
22,727 


13,333 
13,157 
12,087 
12,820 
12,658 


HHH HH 


22,222 
21,739 
21,276 
20,833 
20,406 


12,500 
12,345 


nN 


12,121 
11,764 
11,428 
II,II1I 
10,810 
10,526 
10,256 
10,000 


HHH HH 


20,000 
19,607 
19,230 
18,867 
18,518 


YY NH PWWWL Wow WwW Www WWW Ww ObhAAA AhAAAL hpRAAUN 


AMnaann ANAAD AAnAnayn was 0C WMMoOOOUO 


NNNHNHNHNNND 


Ln on oe | 
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294. Tastes 350-352, 


MEDIA FOR DETERMINATIONS OF REFRACTIVE INDICES WITH 
THE MICROSCOPE, 


TABLE 350. —Liquids, np (0.589«) = 1.74 to 1.87. 


In 100 parts of methylene iodide at 20° C. the number of parts of the various substances in- 
dicated in the following table can be dissolved, forming saturated solutions having the permanent 
refractive indices specified. When ready for use the liquids can be mixed by means of a dropper 
to rive intermediate refractions, Commercial iodoform (CHI;) powder is not suitable, but crys- 
tals froma solution of the powder in ether may be used, or the crystalized product may be 
bought. A fragment of tin in the liquids containing the SnI, will prevent discoloration. 


oO 
My, at 20°. 


1.764 
1.783 
1.806 
1.820 
1.826 
1.842 


1.853 
1.868 


TABLE 351. —Resin-like Substances, np (0.589«) —1.68 to 2.10. 


Piperine, one of the least expensive of the alkaloids, can be obtained very pure in straw-colored 
crystals. When melted it dissolves the tri-iodides of arsenic and antimony very freely. The 
solutions are fluid at slightly above 100° and when cold, resin-like. A solution containing 3 parts 
antimony iodide to one part of arsenic iodide with varying proportions of piperine is easier to 
manipulate than one containing either iodide alone. The following table gives the necessary data 
concerning the composition and refractive indices for sodium light. In preparing, the constituents, 
in powder of about 1 mm. grain, should be weighed out and then fused over, not éz, a low flame. 
Three-inch test tubes are suitable. 


Per cent Iodides. ; ; . 30. 50. 


Index of refraction 1.683 | 1.700 | 1.725 | 1.756 | 1.794 | 1.840 


TABLE 352. — Permanent Standard Resinous Media, np (0.689) = 1.546 to 1.682. 


Any proportions of piperine and rosin form a homogeneous fusion which cools to a transparent 
resinous mass. The following table shows the refractive indices of various mixtures, On 
account of the strong dispersion of piperine the refractive indices of minerals apparently matched 
with those of mixtures rich in this constituent are 0.005 to 0,01 too low. To correct this error a 
screen made of a thin film of 7 per cent antimony iodide and 93 per cent piperine should be 
used over the eye-piece. Any amber-colored rosin in lumps is suitable. 


Per cent Rosin. 


Index of refraction 


All taken from Merwin, Jour. Wash. Acad. of Sc. 3, p. 35, 1913 
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Taste 353. 295 
OPTICAL CONSTANTS OF METALS. 
TABLE 353. 


Two constants are required to characterize a metal opticaily, the refractive index, #, and the 
absorption index, 4, the latter of which has the following significance: the amplitude of a wave 


after travelling one wave-length, A! measured in the metal, is reduced in the ratio! 1 :e—27k or for 

R 2mdk one Se c 3 2amdnk 
any distanced, 1:e—-; , for the same wave-length measured in air this ratio becomes I :e —4,— 
nk is sometimes called the extinction coefficient. Plane polarized light reflected from a polished 
metal surface is in general elliptically polarized because of the relative change in phase between 
the two rectangular components vibrating in and perpendicular to the plane of incidence. For a 
certain angle, ¢ (principal incidence) the change is 90° and if the plane polarized incident beam 
has a certain azimuth y (Principal azimuth) circularly polarized light results. Approximately, 


(Drude, Annalen der Physik, 36, p. 546, 1889), 
4 ie oe Bt sin ¢ tan ; oe 
k=tan 2y (I — cot 76) andn (+k) (1 + 4 cot?¢). 
For rougher approximations the factor in parentheses may be omitted. R-—-=computed per- 
centage reflection. 


(The points have been so selected that a smooth curve drawn through them very closely indicates the characteristics 
of the metal.) 


Computed. 
Authority. 


Cobalt A : Minor. 
“ec 


“cc 


Ingersoll. 
“oc 


Minor. 
iad 


“ 


Ingersoll. 
ce 


“ 


“cc 


Forst. -Fréed, 
Gold 


Iridium 


Nickel 2 : ; . | Tool. 
4 7 Drude. 
h ‘ ; : : Ingersoll. 


“és 


Platinum : : Forst.-F réed. 
“ce cc 


Silver 


Ly 
“ 
(T3 
a“ 
se 


In gersoll. 


“ce 


Forst.-Fréed. 


Minor. 
“ 


Ingersoll. 


“ 


Drude, Annalen der Physik und Chemie, 39, p. 481, 1890; 42, p. 186, 1891; 64, p. 159, 1898. Minor, Annalen 
der Physik, 10, p. 581, 1903. ‘Tool, Physical Review, 31, p. 1, 1910. Ingersoll, Astrophysical Journal, 32, p. 265 
‘4gr0; Forsterling and Fréedericksz, Annalen der Physik, 40, p. 201, 1913, 
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296 TABLES 354-355. 


OPTICAL CONSTANTS OF METALS. 
TABLE 354. 


PPP APWOW HW HDD 


A= wave-length, n=refraction index. 

k = absorption index, R ~reflection. 

(1) Drude, see Table 205; (2) Kundt, prism 
used, Ann. der Physik und Chemie, 34, p. 477, 
36, p. 824, 1889; (3) v. Wartenberg, Verh. 
deutsch. Physik. Ges. 12, p. 105, 1910; (4) 
Meier, Annales der Physik, 10, p. 581, 1903; 
(5) Wood, Phil. Mag. (6), 3, 607, 1902; (6) 
Ingersoll, see Table 205. 

* solid, t electrolytic, { prism, § deposited 
as film in vacuo. 


AARAAARAWADABR AW HHRRAWARA RWW HD HH 


TABLE 355.—Reflecting Tower of Metals, (See page 208.) 


11 eeSo Sas 


Coblentz, Bulletin Bureau of Standards, 2, p. 457, 1906, 7, p. 197, 1911. The surfaces of some of the 
samples were not perfect so that the corresponding values have less weight. The methods for polishing 
the various metals are described in the original articles. The following more recent values are given 
by Coblentz and Emerson, Bul. Bur. Stds. 14, P. 207, 1917; Stellite, an exceedingly hard and untarnish- 
able eller of Co, Cr, Mo, Mn, and Fe (C, 8:1, 8, P) was obtained from the Haynes Stellite Co, Kokomo, 
Indiana. . 

Wave-length, 4, .15 .20 .30 .50 +75 1.09 2.00 3.00 4.00 §.00 9.00 

Tungsten, _ _ — .50 .52 -576 .900 .943 .0948 .953 _ 

Stellite, “52 642, «50 004 07 6089 «747 e792 sGa5) (CaS ummmnoe 
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TABLES 356-358.— THE REFLECTION OF LICHT. 297 


According to Fresnel, the amount of light reflected by the surface of a transparent medium 
By (A +B) aajeeeoe tan? (z — r) 
= 7 ~ 2tsin? (i+ r) ' tan? (i +7) 
dence; B is that polarized perpendicular to this; i and r are the angles of incidence and refraction. 

TABLE 356.— Light reflected when i=O0° or Incident Light is Normal to Surface (2 -1)2/(m-+1)2, 


} ; A is the amount polarized in the plane of inci- 


i (A+B). ; 4(A+B). : 3 (A+B). n. $(A+B). |! 


0.00 ; : : TICE ie 44.44 
0.01 ‘ ; 14.06 5-83 50.00 
0.06 : , : 18.37 IO. 66.67 
0.23 ; : , 22.89 100. 96.08 
0.83 ; : , 25.00 roa) 100.00 
1.70 | ; ‘ . 36.00 


(A+B). 


1.000 I.000 : The values for A and B 
.985 1.000 : are strictly (dn2/4) sec i 
039 1.001 : and (dn2/4) (1— tan? i); 
.862 1.005 : In columns 2, 3, and 4 
752 1.017 ; dn2/4 is omitted. 
612 1.047 
444 Evie 
.260 1.240 
.088 1.496 
.000 2.000 
.176 3.016 
1.081 5.160 
4.000 10.000 
12.952 22.149 
42.884 57-981 
167.16 195.00 
971.21 1035.53 
16808.08 7009.36 
co 


aB.t 4(4 +B). 


0.130 
+129 
»126 
-12 
114 
+105, 
+004 
81 
-066 
2049 
-027 
.007 
—-013 
—.032 
—-050 
—.060 
— .069 
—.067 
—.o61 
—-055 
—.046 
—.036 
—.022 
—.000 


Bene 


WAWONW OD 


I le pis a ale 
ILO OY 


Angle of total polarization = 579 10/.3, 4 = 16.99. 
* This column gives the degree of polarization + Columns 5 and 6 furnish a means cf 
determining A and A for other values of x. They represent the change in these quantities for a change of 7 ot 0.0%. 
Taken from E. C. Pickering’s “ Applications of Fresnel’s Formula for the Reflection of Light.” 
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298 TaBLes 359-360. 
REFLECTING POWER OF METALS. 
TABLE 359, — Perpendicular Incidence and Reflection. (See also Tables 352-355.) 


The numbers give the per cents of the incident radiation reflected, 


: ag MPG ibe os 
Be ved: athe hte aetna oa ac hs EF x 
i Di lee ete ese |e, : < | & | oe 
a | 2 |g |e) #3] 22/8] .8] Feel es | Son 
» | Bl] se | | $8 | 25) gs] da] ge] BS] ze] sal dF] gs 
§ o | $ |st+|] St] B+] eo8 | BS) SF] es | 23 | se] eS] 2s 
& 5 & | 23 || Be | 28) os | "3 | 88] 88] OS | 28 | as 
s Ae ee eee a .) eS) aoe ‘$ 
elie a le ae) ee '| $| $) 9 
salen er = are Me | 8 0) S 
Eo | a | a a) 

251] — | - | 67.0 | 35.8 | 29.9 | 37:8] - | 32.9 | 25-9 | 33-8 | 388] — 

288] = - | 70.6 | 37.1 | 37-7 | 42-7] - | 35:0 | 24.3 | 388.] 34.0] — 

305 ~ — | 72.2 | 37-2 | 41-7 | 44.2 | — | 37-2 | 25.3 | 39.8 | 318] - 

31 = = ~— = = = e a a ¥ A a 

326] - - | 75:5 | 393] - | 452] — | 40.3} 24.9 | 41.4 | 286] = 

333) - | - - - - | 465] - a | Ba ie - | - 

BAST, - = | 81-2 | 43.3) 151.0 | 48:8 | = || 45.0)|(27-3) "aR anion ome 

385 | - | — | 839! 44.3 | 531 | 49.6] - | 47.8 | 28.6 | 45.4 | 27.1] - 
= - | 86.6 
48.8 - | 90.5 


PP A Seat i shat 
Teds heer Svea a 
Pet Cea ant ea 


Based upon the work of Hagen and Rubens, Ann. der Phys. (1) 352, 1900; (8) 1, 1902; (x1) 873, 1903. 
Taken partly from Landolt-Bérnstein-Meyerhoffer’s Physikalisch-chemische Tabellen. 


TABLE 360. — Percentage Diffuse Reflection from Miscellaneous Substances. 


Lamp-blacks. 


“a & < 

> 3 ; rot 3 S 
Tecmo ie Fails ea a Ola ae a : : 
= Nees NS ae 3 < s ; Io eS aes 
Ge Ae ee | ihe a ae BO) Bee 

: 2 2 3 zn 
& | £5 re Solliate 5 =) 2 [co] = 4 ~ = 
a £ © E o x = 5 ia] 
o A o rt & o a. os o 

° any (3) « Pier) P= Cr) 8 > o§ a at peed o 
4 n < Oo Oy ids) 4 N | < ios) ioe] m% 


n 
un 
wn 

o) 
wo 
Aw’ 
N 
eat 
\O 
Ww 


inrw oo 


*Not monochromatic (max.) means from Coblentz, J. Franklin Inst. 1912. Bulletin Bureau of Standards, 9, p. 28 
1912, contains many other materials. 
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TABLES 361-362. 
299 
REFLECTING POWER OF PIGMENTS. 
TABLE 361.— Percentage Reflecting Power of Dry Powdered Pigments. 
Taken from “The Physical Basis of Color Technology,” Luckiesh, J. Franklin Inst., 1917. The total reflecting 


power depends on the distribution of energy in the illuminant and is given in the last three columns for noon sun, blue 
sky, and for a 7.9 lumens/watt tungsten filament. 


Spectrum color. i : Green. Yellow. Orange. Red. 


Sky light. 
Tungsten. 


Wave-length in =o. 44/0. 46J0. 48] 0. 50/0. 52/0. 54/0. 56/0. 58/0. 60/0. 62/0. 64/0. 66]0. 68} 0. 70 


be 
SNOW RAI OUMNH 


bd 
cop 


Chrome yellow light... . 
Chrome green light.... 
Chrome green medium.. 
Cobalt blue 


Nw 
wo 


NWN 
HUH 


* Non-monochromatic means from Coblentz, Bul. Bureau Standards 9, p. 283, r9r2. 
For the REFLECTING (and transmissive) power of ROUGHENED SURFACES at various angles of incidence, see Gorton, 
Physical Review, 7, p. 66, 1916. A surface of plate glass, ground uniformly with the finest emery and then silvered, 
used at an angle of 75°, reflected 90 per cent at 444, approached roo for longer waves, only ro at ty, less than 5 in the 
visible red and approached o for shorter waves. Similar results were obtained with a plate of rock salt for transmitted 
3 eo roughened merely by breathing on it. In both cases the finer the surface, the more suddenly it cuts off 
e short waves. 
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TABLES 363-365. , | 
REFLECTING POWER. : 
TABLE 363. — Reflecting Power of Powders (White Light). 


Various pure chemicals, very finely powdered and surface formed by pressing down with glass plate. White (noon 
sunlight) light. Reflection in per cent. Nutting, Jones, Elliott, Tr. Ill. Eng. Soc. 9, 593, 1014. 
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Aluminum oxide............ 83.6 | Magnesium carbonate...... 86.6 Sodium chloride............ 78.1 
Barium sulphate............ 81.1 3 bid block) 88.0 Sodium sulphate....... ee i 
IBOPAX: ansrsreatstoticiate aiuto ae 70k 81.6 Magnesium oxide.......... ee Stagch.:«:.3i. 200 peneene cane NAO 
OLIC BCI Y piacy. ress acta able is ave 83.2)  ‘Rochellesalty sep iecsasv. 7 79.3 SUpbars f siow!es.c corer owe. Otge 
Calcium carbonate.......... 3.0) 9 Salicvliciacidiens peaccres ae 81.1 Tartaric acid. ...... +00 soso 
Citrichacid eps ace hack oe 81.5 Sodium carbonate.......... 81.8 


TABLE 364. — Variation of Reflecting Power of Surfaces with Angle. 


Illumination at normal incidence, 1} watt tungsten lamp, reflection at angles indicated with normal. Ill. Eng. Soc., 
Glare Committee, Tr. Ill. Eng. Soc. 11, p. 92, 1916. 


Angle of observation. 


Magnesium carbonate block 

Magnesium oxide 

Matt photographic paper................ : 
White blotter 

Hotopaly pround..ac% |. ei ee eee . 
Flashed opal, not ground 

Glass, fine ground 
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The following figures, taken from Fowle, Smithsonian Misc. Col. 58, No. 8, indicate the amount of energy 
scattered on each side of the directly reflected beam from a silvered mirror; the energy at the center of the 
reflected beam was taken as 100,000, and the angle of incidence was about 3°. 


°’ 8 Io! vi 20! 30’ 45’ 60’ 
100,000 | 600 244 146 107 66 33 


Wave-length of max. energy of Nernst lamp used as source about 2p. 


TABLE 365. — Infra-red Reflectivity of Tungsten (Temperature Variation). 


Three tungsten mirrors were used, — a polished Coolidge X-ray target and two polished flattened wires mounted 
in evacuated soft-glass bulbs with terminals for heating electrically. Weniger and Pfund, J. Franklin Inst. 


Per cent increase in reflectivity in 
Absolute reflec- going from room temperature to 
tivity at room 
temperature 
in per cent. 


See also Weniger and Pfund, Phys. Rev. 15, p. 427, 1910 
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TABLE 366. 301 
TRANSMISSIBILITY OF RADIATION BY DYES. 


Percentage transmissions of aqueous solutions taken from The Physical Basis of Color-Technology, Luckiesh, J. 
Franklin Inst. 184, 1917. 


Spectrum color > Violet. Blue. 


Wave-length in uw — 


Carmen ruby opt 

Amido naphthol red......... 
Coccinine 

Erythrosine 

Hematoxyline 

Alizarinered 

Acid rosolic (pure) 

Rapid filter red 

Aniline red fast extra A 
Pinatype red fast 


Ise blew Lt 
Latkes alpen cese leat 


Rose bengal 
Cobalt nitrate 


HO 


i= 18 aa el et Os = Se a a | 
RH 


Sell | lannal | | 
Bolt lt lowe ltd | 


ow 


Tartrazine 

Chrysoidin 

Aurantia 

Aniline yellow phosphine. .... 
Fluorescein 

Aniline yellow fast S 

Methyl orange indicator 


Uranine naphthaline 

Orange B naphthol 

Safranine 

Martius 

Naphthol yellow 

Potassium bichromate, sat... . 
Cobalt chromate 


llawtad tbl 


H 
COOH 


Sa Da est ce lig Pl 


ae tole lime lekasete la 
Site il reustalelati 


Lal 
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Naphthol green 
Brilliant green 
Filter blue green 
| Malachite green 
Saurgriin 
Methylengriin 
Aniline green naphthol B 
Neptune green 
Cupric chloride 


Turnbull’s blue 
Victoria blau 

Prussian blue (soluble) 
Wasser bl. 


Toluidin blau 
Patent blue 
Dianil blue 
Filter blue 


Slew me lave 
[Bund | 
rte aa pat Seles 
@leallil tte 
SllII1IIn 
oul IP ie tase 
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Magenta. .. 
Gentiana violet 


Leal 
OH 
Hb 
On 
sO 
oun 


Iodine (dense) 
Rhodamine B 

Acid violet 

Cyonine in alcohol. . 
Xylene red 

Methy! violet B 


lH 1 BR 1 wo Mo 
llISlttsl 
aa a 


lH IS8la 


For the infra-red transmission (to 12) and reflection powers of a number of aniline dyes, see Johnson and Spence, 
Phys. Rev. 5, p. 340, rors. 
Scientific Paper 440 of the Bureau of Standards, 1922, gives spectrum transmission curves (0.24 to 1.36 @) for the 
following dyes. Napthol Yellow S, Orange I, Amaranth, Erythrosine, Indigo Disulpho Acid, Ponceau 3R, and Light 
Green S F Yellowish. 
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3C2 TABLES 367-359. ’ 
TRANSMISSIBILITY OF RADIATION BY JENA GLASSES. 


TABLE 367. 


Coefficients, a, in the formula Jt = J,at, where Jy is the Intensity before, and /¢ after, 
transmission through the thickness t. Deduced from observations by Miiller, Vogel, 
and Rubens as quoted in Hovestadt’s Jena Glass (English translation). 


Coefficient of transmission, a. 


Unit t=1 dm. 


375M 390 M | .400 & | «434M | 436M] 455K | -477M | 503M | .580m | .677 


O 340, Ord. light flint “300-11 : 3 680 | .8 : 880 | « : 

O 102, H’vy silicate flint é ; : .566 603 : ry fee || gee 
O 93, Ord. e = 74a O07 alte Aetnl| A 943 
O 203, a : : ; 3600) |) .O227| .072))\ne 903 
O 598, (Crown) : 770. |e 776 .860 


Unit t=1 cm. ; i c : ; 20M] 2.3m@ |2.5@|2-7@/12.9M| 356 


S 204, Borate crown 

S 179, Med. phosp. cr. 

O 1143, Dense, bor. sil. cr. 
O 1092, Crown 

O 1151, we 

O 451, Light flint 

O 469, Heavy “ 

O 500, 6 “ 

S 163, “ec “ 


TABLE 368. 


Note: With the following data, ¢ must be expressed in millimeters ; i. e. the figures as given 
give the transmissions for thickness of I mm. 


Wave-length in pz. 


No. and Type of Glass. Visible Spectrum Ultra-violet Spectrum. 


+546 i |.509 M |.480 ¢ |.436 361M |.340M!.332M@|.309 «|. 


F 3815 Dark neutral : : * ; : -30 

F 4512 Red filter 

F 2745 Copper ruby 

F 4313 Dark yellow 

F 4351 Yellow : 

F 4937 Bright yellow 1. 

F 4930 Green filter 

F 3873 Blue filter 

F 3654 Cobalt glass, 
transparent for outer 
red 

F 3653 Blue, ultraviolet 

F 3728 Didymium, str’g 
bands 


This and the following table are taken from Jenaer Glas fiir die Optik, Liste 751, 1909 


TABLE 369. — Transmissibility by Jena Ultra-violet Glasses. 


No. and Type of Glass. 0.383 m | 0.361 @ | 0.346m@ | 0.325 m@ | 0.309 mM | 0.280 


UV 3199 Ultra-violet : , 1.00 1.00 1.00 1.00 0.95 0.56 
se a : : 0.99 0.99 0.97 0.90 0.57 
Ks ; [ 0.95 0.89 0.70 0. 36 

UV 3248 , : 1.00 1,00 1.00 0.98 0.91 0.35 
a as 0.98 0.98 0.92 0.78 0.38 


se : ! 0.87 0.79 0.45 0.08 | 
! 
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ous substances, Coblentz, Emerson and Long, Bul. Bureau Standards, 14, p. 653, 1918. 


TABLE 370. 


TRANSMISSIBILITY OF RADIATION BY GLASSES. 
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The following data giving the percentage transmission of radiation of various substances, 
mostly glasses, are selected from Spectroradiometric Investigation of the Transmission of Vari- 


Glass or substance, manufacturer. 


Purple fluorite 
Gold film on Crooke’s glass. .. 
crown glass 


(73 “cc “ 


Molybdenite 
Cre (SOx) 3.1 8 H.O 


Chrome alum, 10 g to 100 g H,O 10° 


CoCle, 10 g to 100 g HO 
GLASSES: 

Copper ruby, flashed 

G24, Corning, red... 


Schott’s red, No. 2745 


G34, Corning, orange. . 

Pyrex, Corning 

Noviol, B, Corning, vellow... 

Novieweld3, Corning, dk-yellow 

Schott’s 43111, green 

GI1710N, green, Corning 

G174J, Corning, heat abs’b’z.. 

G124JA, Corning 

Cobalt blue 

Schott’s F3086, blue. . 

Gio013, Corning, blue. . 

G584, Corning, blue... 

G1711Z, Corning, blue...... 

Amethyst, C, Corning 

G172BW's5, Corning, red-purple 

mrookes’ A, A.O.Co......... 
Uy sage green 30, A. O. Co 

Lab. 58, A. O. Co 

Fieurzal B, A. O. Co 

Akopos green, J. K.O.Co..... 


~I 


oN 


HWOOORONHAH 


Transmission per cents. 


Wave-lengths in yp. 


i) 
NP ODDWOONF~ITHOO 


bo Hh 
mano 


oo0o0o0o0o000 000000 000000000 


Manufacturers: Corning Glass Works, Corning, N. Y.; A. O. Co., American Optical Co., 


Southbridge, Mass.; J. K. O. Co., Julius King Optical Co., New York City. For other glasses 


see original reference. 


glasses. 
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See also succeeding table, which contains data for many of the same 


304 TABLE 371. 
TABLE 371.— Transmission of the Radiations from a Gas-filled Tungsten Lamp, the Sun, a 
Magnetite Arc, and from a Quartz Mercury Vapor Lamp (no Globe) through Various 
Substances, especially Colored Glasses. 


Transmission, per cent. 


Fieuzal, B 
Fieuzal, 63 
Fieuzal, 64 


;jae 


an 
Ow 
oo 


Akopos green 
Hallauer, 65 
Hallauer, 64 

Smoky green G 124, IP 

Yellow-green Noviweld, 30% 

ss ae Noviweld, shade 3 

Noviweld, shade 44 
Noviweld, shade 6 
Noviweld, shade 7 


Saniweld, dark 
G 


34 
Noviol, shade A 
Noviol, shade B 
Noviol, shade C 
Sage green Ferrous No. 30 
Yellow-green 
Blue-green 
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Gold plate 


co 
w 
1F | 


Colorless 


Amethyst 
Purple 


HOPPE >>> >>> >sO00 
QAOQOOMADOOOOOOO MAE POOORONA 


Blue, dark 
Blue-green 
Blue-green, pale.... 
Red-purple 
Blue-purple 

Red 
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* A. O. C., Amer. Optical Co., Southbridge, Mass.; C. G. W., Corning Glass Works, Corning, N. Y.; B. &L., 
Bausch & Lomb, Rochester, N. Y.; J. K., Julius King Optical Co., New York City; F. H. E., F. H. Edmonds, optician, 
Washington, D. C.; B.S., Bureau of Standards; scrap material, source unknown. 

7 tread radiation absorbed by quartz cell containing 1 cm layer of water. Taken from Coblentz-Emerson & 
Long, Bul. Bureau Standards, 14, 653, 1918. | 

t Transmission of 1 cm cell having glass windows. 
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TABLE 372. 305 
TRANSMISSIBILITY OF RADIATION. 
Transmissibility of the Various Substances of Tables 330 to 338. 
Alum: Ordinary alum (crystal) absorbs the infra-red. 
Metallic reflection at 9.054 and 30 to 40m. 


: Rock-salt : Rubens and Trowbridge (Wied. Ann. 65, 1898) give the following transparencies for 
a tm. thick plate in %: 


| 
r 9 18 | 19 20.7 | 23-7" 


% | 99.5 | 99.5 | 99.3 | 97-6 | 93-1 | 84.6 | 661 | 51.6 | 27.5 | 9.6 0.6 


Pfliiger (Phys. Zt. 5. 1904) gives the following for the ultra-violet, same thickness: 280up, 95-573 
231, 86%; 210, 77%; 186, 70%. 
4 Metallic reflection at 0.110, 0.156, 51.2, and 87y. 
_ $ylvite: Transparency of a 1 cm. thick plate (Trowbridge, Wied. Ann. 60, 1897). 


| 23.7 


Metallic reflection at 0.114, 0.161, 61.1, 100. 


_ Fluorite: Very transparent for the ultra-violet nearly to 0.1m. 
Rubens and Trowbridge give the following for a 1 cm. plate (Wied, Ann. 60, 1897): 


Metallic reflection at 24, 31.6, 40pm. 


Iceland Spar: Merritt (Wied. Ann. 55, 1895) gives the following values of 4 in the formula 
; eee (Cd 1m CM:)): 
‘ For the ordinary ray: 


G03) |, O:13u))) 0.74 


92:53 | 2.90. | 2.05 | 3.04. | 3-30 BeA7) Ps. O2 | z0On | esol 4:35. lds52 ql 4Osk 


Fai T.32) | 0.70 | 1.80 | 4.71 


For the extraordinary ray: 


2.49 | 2.87 | 3.00 | 3.28 | 3.38 | 3.59 | 3.76 | 3.90 | 4.02 | 4.41 | 4.674 


1.32 : : : : 8 1.07 


5:04 | 5-34 | 550m 
| : 20st |) Aa 


Quartz: Very transparent to the ultra-violet; Pfliiger gets the following transmission values for 
a plate 1 cm. thick: at 0.222, 94.2%; 0.214, 92; 0.203, 83.6; 0.186, 67.2% 
Merritt (Wied. Ann. 55, 1895) gives the following values for 4 (see formula under Iceland Spar) : 
For the ordinary ray : 


Bep2e | BO30 le QOwi| 307%) BUF of HBS. te BGP. 382 | 206. | seta 


0.20 | 0.47 7 F : | 1.26 


3.00 | 3.08 | 3.26 | 3.43 | 3-52 | 3-59 | 3.64 | 3.74 | 3.91 
0.26 | o1f | 0.51 | 0.76 | 1.88 


For A>7 p, becomes opaque, metallic reflection at 8.sou, 9.02, 20.75-24.4m, then trans- 
parent again. 
The above are taken from Kayser’s ‘‘ Handbuch der Spectroscopie,’’ vol. iii, 
SmitHSONIAN TABLES. 
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306 TABLES 373-374. 
TRANSMISSIBILITY OF RADIATION. 


TABLE 373. — Color Screens. 


The following light-filters are quoted from Landolt’s “ Das optische Drehungsvermégen, etc.” 1898. 
Although only the potassium salt does not keep well it is perhaps safer to use freshly prepared 
solutions. 


Grammes of | Optical cen- P 
Water solutions of _ Substance | tre of band, Transmission. 
in 100 c.cm, MK 


. b = : 
Crystal-violet, 5BO . 0.6659 | etischerpar eae 


Potassium monochromate 
Nickel-sulphate, NidO4.7aq. ' 0.5919 | 0.614-0.5744, 
Potassium monochromate 
Potassium permanganate 
Copper chloride, CuClg.2aq. 60. 0.5330 | 0.540-0.505u 
Potassium monochromate f 

: 0.526-0.494 and 
Double-green, SF k 0.4885 Pe 


Copper-sulphate, CuSO4.5aq. ; 
Crystal-violet, 5BO A 0.4482 | 0.478-0.410" 
Copper sulphate, CuSOq.5aq. ; 


TABLE 374, —Color Screens. 


The following list is condensed from Wood’s Physical Optics : 

Methyl violet, 4R: (Berlin Anilin Fabrik) very dilute, and nitroso-dimethyl-aniline transmits 0.365. 
Methyl violet + chinin-sulphate (separate solutions), the violet solution made strong enough to 
blot out 0.43594, transmits 0.4047 and 0.4048, also faintly 0.3984. 

Cobalt glass + aesculin solution transmits 0.4359m. 

Guinea green B extra (Berlin) + chinin sulphate transmits 0.4916.. 

Neptune green (Bayer, Elberfeld) + chrysoidine. Dilute the latter enough to just transmit 0.5790 
and 0.5461; then add the Neptune green until the yellow lines disappear. 

Chrysoidine + eosine transmits 0.57904. The former should be dilute and the eosine added until 
the green line disappears. : 

Silver chemically deposited on a quartz plate is practically opaque except to the ultra-violet region 
0.3160-0.3260 where 90% of the energy passes through. The film should be of such thickness 
that a window backed by a brilliantly lighted sky is barely visible. 

In the following those marked with a * are transparent to a more or less degree to the ultra-violet : 

* Cobalt chloride: solution in water, — absorbs 0.50-.534; addition of CaClz widens the band to 
0.47~.50. It is exceedingly transparent to the ultra-violet down to 0.20. If dissolved in methyl 
alcohol + water, absorbs 0.50-.53 and everything below 0.35. In methyl alcohol alone 0.485- 
0.555 and below 0.40u. 

Copper chloride: in ethyl alcohol absorbs above 0.585 and below 0.535 ; in alcohol + 50% water, 
above 0.595 and below 0.37. 

Neodymium salts are useful combined with other media, sharpening the edges of the absorption 
bands. In solution with bichromate of potash, transmits 0.535-.565 and above 0.60, the bands 
very sharp (a useful screen for photographing with a visually corrected objective). 

Praseodymium salts: three strong bands at 0.482, .468, .444. In strong solutions they fuse into a 
sharp band at 0.435-.485u. Absorption below 0.34. 

Picric acid absorbs 0.36-.42u4, depending on the concentration. 

Potassium chromate absorbs 0.40-.35, 0.30-.24, transmits 0.23. 

* Potassium permanganate: absorbs 0.555-.50, transmits all the ultra-violet. 

Chromium chloride: absorbs above 0.57, between 0.50 and .39, and below 0.334. These limits 
vary with the concentration. 

Aesculin: absorbs below 0.3634, very useful for removing the ultra-violet. 

* Nitroso-dimethyl-aniline: very dilute aqueous solution absorbs 0.49-.37 and transmits all the 
ultra-violet. 

Very dense cobalt glass + dense ruby glass or a strong potassium bichromate solution cuts off 
everything below 0.70 and transmits freely the red. 

Iodine: saturated solution in CS2 is opaque to the visible and transparent to the infra-red. 
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TABLES 375, 376. 307 


TRANSMISSIBILITY OF RADIATION. 
TABLE 375, —Color Screens. Jena Glasses. 


: Maker’s 
Kind of Glass. No 


Color. Region Transmitted. 


Copper-ruby . .| 2728 |Deepred ... . is le 0.6m ee 4 | | iy 
‘ ed, yellow; in thin lay ers also 

Gold-ruby . -| 459" | Red Blue and viclen : 

Red, yellow, green to E); in 6 
th.n layer also blue ; 


Uranium . -| 454% | Bright yellow. . . 


Bright yellow, fluo- 
resces. ee 

ue - ; Red, vellow, green (weakened), 
NMOL shee ARSE Bright yellow-brown blue (very weakened) ' 
Chromium . . Yellow-green . . .|Yellowish-green . 

Oy oe? Gaara SAE ae aie . .|Red, green; from 0.65- 5c 5 
Green copper. . Greenan ee - .|Green, yellow, some red and blue . 
Chromium. . .| 432%|Yellow-green . . .|Y ellowish-green, some red 
Copper chromium Grass-green . jGreent 
Green-filter . . Dark green. «. . .|Green (in thin sheets some blue) . 

3 Se eigar 6 = ew tee Ceny a. Sos Eoaeacs mic 
Coppers st » Blue, as CuSO, . ./Green, blue, violet sit 
Blue-violet . . Blue, as cobalt glass | Blue, violet. . 

Blue, violet, Bite: -green (weak- t 
; ened), 2o red 
Gobalt-.. . ss |Blue .. . . . .|Blue, violet, extreme red. . 
Nickel . : 5 Dark violet. . . .| Violet (G—H), extreme red : 
Violet . -| 45 ‘ “« . . . .| Violet (G-H), some weakened . 


: 

; 

; 

; 

: a ae 
ee rote “ sr See} All parts of the spectrum weakened 

< 


See “ Uber Farbglaser fiir wissenschaftliche und technische Zwecke,” by Zsigmondy, Z. fiir In- 
strumentenkunde, 21, rgor (from which the above table is taken), and ‘‘ Uber Jenenser Licht- 
filter,” by Grebe, same volume. 

(The following notes are quoted from Everett’s translation of the above in the English edition of 
Hovestadt’s * Jena Glass.’’) 

Division of the spectrum into complementary colors: 

Ist by 2728 (deep red) and 2742 (blue, like copper sulphate). 

2nd by 454” (bright yellow) and 447i (blue, like cobalt glass). 

grd by 433! (greenish-yellow) and 424" (blue). 

Thicknesses necessary in above: 2728, 1.6-1.7 mm.; 2742, 5; 454%, 16; 447™, 1.5-2.0; eas 
+ 42 = 3 mm. 
Three-fold fivicion into red, green and blue (with violet) : 

2728, 1.7 mm. ; 4r4i tomm.; 447", 1.5 mm., or by 
‘ B72 key MMs 43000, 2: 6mm. ; 4471, 1.8 mm. 
4 Grebe foaea the three following glasses specially suited for the additive methods of three-color 
__ projection: 
-. 2745, red; 438, green; 447™, blue violet ; 
ce corresponding closely to Young’s three elementary color sensations. 
_ Most of the Jena glasses can be supplied to order, but the absorption bands vary somewhat in 
different meltings. 
See also “Atlas of ‘Absorption Spectra,” Uhler and Wood, Carnegie Institution Publications, 1907. 
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TABLE 376.—Water. 
Values of a in I=I, e *4, d inc. m. I); I, intensity before and after transmission. 


Wave-length p, |. é 2 ; ‘ j | .260 | .300 


a 5 . . . . : ‘ 2 | .0025 | .OO15 


Wave-length p, |. F ‘ ; : : 65 779 | 865 


a 


First 9; Kreusler, Drud. Ann. 6, roor; next Ewan, Proc. R. Soc. 57, 1894, Aschkinass, Wied Ann.. 
55, 1895; last 3, Nichols, Phys. Reva tot. 

See Rubens, Ladenburg, Verh. D. Phys. Ges., p. 19, 1909, for extinction coefs., reflective power and 
index of refraction, 1 # to 18 #& 
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308 ' TABLE 377. 
TRANSMISSION PERCENTAGES OF RADIATION THROUGH MOIST AIR. 


(For bodies at laboratory temperatures; for transmission of shorter-wave energy, see Table 553.) 


The values of this table will be of use for finding the transmission of energy through air containing a known amount 
of water vapor. An approximate value for the transmission may be had if the amount of energy from the source be- 
tween the wave-lengths of the first column is multiplied by the corresponding transmission coefficients of the subse- 
quent columns. The values for the wave-lengths greater than 18 are tentative and doubtful. Fowle, Water-vapor 
Transparency, Smithsonian Misc. Collections, 68, No. 8, 1917; Fowle, The Transparency of Aqueous Vapor, Astro- 
physical J. 42, p. 394, 1915. 


Range of 


wave-lengths. Precipitable water in centimeters. 
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_* These places require multiplication by the following factors to allow for losses in COz gas. Under 
average sea-level outdoor conditions the COz (partial pressure = 0.0003 atmos.) amounts to about 0.6 gram 
per cu.m. Paschen gives 3 times as much for indoor conditions. 

2u to 3m, for 2 grams in m? path (95); for 140 grams in m? path (93); 
““ see “a “ce be “cc (93); “ce “é “cc “ec “ “6 (70); more CO2 no further effect; 
13 ‘ 14, slight allowance to be made; 
I4 x I 5 , 80 grams in m path reduces energy to zero; 
I ‘ 7 i “ce oe ‘ “ee oe tia oe oe 
+ These places require multiplication by 0.90 and 0.70 respectively for one air mass and 0.85 and 0.65 
for two air masses to allow for ozone absorption when the radiation comes from a celestial body. 


In the above table italicized figures indicate extrapolated values. ' big. 
F. Paschen gives (Annalen d. Physik u. Chemie, 51, p. 14, 1894) the absorption of the radiation from a blackened 
strip at 500° C by a layer 33 centimeters thick of water vapor at 100° C and atmospheric pressure as follows: 


Wave-length...... Hii elete/etelolsyal 2.20-3. 10 5.33-7.676 7.67-10(?)u 
Percentage absorption......... 80 04 94-13 


The following table, due to Rubens and Aschkinass (Annalen d. Physik u. Chemie, 64, p. 598, 1898), gives the 
absorption of radiation from a zircon burner by a layer 75 centimeters thick of water vapor saturated at 100° C. This 
amount of vapor is about equivalent to a layer of water 0.45 millimeter thick or to 1.5% of the water in a total vertical 
atmospheric column whose dew point at sea-level is 10°C. The region of spectrum examined includes most of the 


region of terrestrial radiation. 


Wave-length........s+006.  7.Of 8.04 Q.0-12.0u 12.4 12.8 13.4 14.0 
Percentage absorption..... 75 40 6 20 13 28 22 

Wave-length,.....:sese0++ 14.3¢ I5.0u 15.7 16.04% 17.5u 18.34 20.CM 
Percentage absorption..... 43 35 65 52 88 80 100 
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k TABLES 378-379. 3 re) 9 
REFLECTION AND ABSORPTION OF LONG-WAVE RADIATIONS. 


TABLE 378.— Long-wave Absorption by Gases. 


Unless otherwise noted, gases were contained in a 20 cm long tube. Rubens, Wartenberg, Verh. d. Phys. Ges, 
13, Pp. 796, Tort. 


Percentage absorption. Percentage absorption. 
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2 
n 
wn 
o 
4 
Ay 


* Tube 40 cm long. _ t Pentane vapor, pressure 36 cm. 


TABLE 379.— Properties with Wave-lengths 108 = yz. 


Rubens and Woods, Verh. d. Phys. Ges. 13, p. 88, rorz. 
With quartz, 1.7 cm thick: 60 to 804, absorption very great; 63u, 00%; 82M, 97.5; 97M, 83. 


(a) PERCENTAGE REFLECTION. 


Rock 


Wave-length. Le ae Marble. Sylvite KBr A a . | Water. | Alcohol. 


_— | ———— | qe er] S| | 


ee 
; 47.1 43.8 20.3 
‘ { * Restrahlung from KBr. + Isolated with quartz lens. 


(6) PERCENTAGE TRANSPARENCY, 
A ; Uncorrected for reflections. 
a oP ee Th ES) 


Thickness 
y Thickness. |Transparency. Liquid. Thickness. oe Trans- 


Benzene 
Ethyl alcohol 
Ethyl ether 
Quartz || axis .. 
Quartz, amorph 
Rock salt 


Xe) 
6 
ae) 
6 
“5 
+3 
3 
+3 
+4 
8 
“5 
me) 


(c) TRANSPARENCY OF BLACK ABSORBERS. 


Black silk Opaque black | Black card- 
Method and wave-length. paper, paper, board, 


.025 mm thick.| 0.11 mm thick.] 0.4 mm thick. 


Spectrometer 


Fluorite “restrahlung” 
Rock salt “restrahlung”’ 
Quartz lens isolation 


HOOO0000 


an 
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3 IO Tasles 380, 381.—ROTATION OF PL’ NE OF POLARIZED LIGHT. 
TABLE 380.—Tartaric Acid; Camphor; Santonin; Santonic Acid; Cane Sugar. 


A few examples are here given showing the eftect of wave-length on the rotation of the plane of polarization. The 


rotations are for a thickness of one decimeter of the solution. 


‘The examples are 


stein’s ‘Phys. Chem. Tab.’’ The following symbols are used :— 
~=number grams of the active substance in 100 grams of the solution. 
oe “ ad se o “ 


c= 
I= 


solvent 


ae as active 


Right-handed rotation is marked ++, left-handed —. 


Line of 
spectrum. 


Ome SROCNW 


Wave-length 
according to 
Angstrém in 
cms. X 10°. 


68.67 
65-62 
55.92 
52-69 
51.83 

172 
58 br 
43-83 


Tartaric acid,* CyH¢Qg, 
dissvived in water. 
7 = 50 to 95, | 
temp. = 24” C. 


+ 2°.748 + 0.09446 g 
+ 1.950 + 0.130309 
+ 0.153 + 9.175149 


— 0.832 + 0.19147 ¢g 
— 3-598 + 0.23977 ¥ 
— 9.057 + 0.31437 7 


“ 


Camphor,* C,)H,,O, 
dissolved in alcohol. 
g§ = 50 10 95, 
temp. = 22.9" C. 


38°. 549 — 0.0852 7 
51.945 — 0.0964 7 
P2305" —l4ae 


79-348 — 0.1451 9 
99.001 — 0.1912 g 
149.696 — 0.2346 7 


quoted from Landolt & Béiw 


** cubic centimeter “‘ 


Santonin,t Cy;H4g03, 
dissolved in chloroform, 
9 =75 to 96.5, 
temp. = 20° C, 


—140°.1 + 0.2085 ¢ 
— 149-3 +0.1555¢ 
— 202.7 + 0.30869 
— 285.6 + 0.58209 
— 302.38 + 0.6557 9 


— 365-55 + 0.8284 9 
— 534-98 + 1.52409 


Santonin,t CisHisOs | Santonic acid,t! 

sH% | CoHLO. 
dissolved in diag Ine an 
chloroform. a ae 


627.1926 oe 
temp, 2603 G P= 10 to 30. 


Santonin,t C,;H 403, » 
dissolved in alcohol. 
C= 1.782. 
temp. = 20° C, 


dissolved in 

chloroform 

C= 3.1-30.5. 
temp. = 
20” C. 


dissolved in 
alcohol. 
c = 4.046. 
temp. = 
20° C. 


— 110.4? 
— 118.8 
— 161.0 
— 222.6 


— 237.1 


— 49° 
a 
—74 
— 105 
— Ei2 


484° 
549 


754 
1088 


1148 


pen 
mg 


— 261.7 
— 380.0 


1444 
2201 


= 2610 


Arndtsen, ‘f Ann. Chim. Phys.” (3) 54, 1858. 
Narini, ‘‘ R. Acc. dei Lincei,”’ (3) 13, 1882. 
Stefan, ‘‘ Sitzb. d. Wien. Akad.”* 52, 1865. 


TABLE 381.—Sodium Chlorate; Quartz. 


Quartz (Soret & Sarasin, Arch. de Gen. 1882, or C. R. 95, 1882).* |f 


Spec- Wave- Rotation Spec- Wave- 


length. per mm. ee length. 


Rotation 
per mm. 


Rotation 


Temp. 
GC; per mm. 


= 
> I 
° 


12°.668 
14.304 
15-746 


2°.068 
2.318 
“aa5}9)9 J 
3-104 
3.841 
4.587 
5-331 
6.005 
6.754 
7-654 
8.100 
8.861 
9.801 
10.787 
11.921 
12.424 
13.426 
14.965 


Cdy 
N 
Cdjo 
O 


15°.0 
17-4 
20.6 
18.3 
16.0 
11.9 
10.1 
14.5 
13.3 
14.0 
10.7 
12.9 
12.1 
11.9 
13.1 
12.8 
12.2 


11.6 


76.04 
71.836 
68.671 


65 621 


§5 951 
58.891 


63°.628 
64-459 
69.454 
70.587 


72.448 
74-571 
78.579 
80.459 


84.972 
121.052 
143-266 
190.426 


36.090 
35-518 
34-655 
34-400 


17-318 
21.684 
21.727 


OO9Q we 


ne 


34-015 
33-600 


32.858 
32-470 


Cdu 
Pp 


52-691 
48.607 


43.072 


27-543 
32-773 
42.604 


Q's i 


31-798 
27.467 
25.704 
23.125 


22.645 


21.935 
21-431 


47-481 
51.193 
52.155 


55-625 
55-894 


41.012 
39-681 


39-333 


alo tad 


201.824 
220.731 
235-972 


38.196 
37 -262 


ae 


* The paper is quoted from a paper by Ketteler in ‘‘ Wied. Ann.” vol. 21, p. 444. The wave-lengths are for 
the Fraunhofer lines, Angstrém’s values for the ultra violet sun, and Cornu’s values for the cadmium lines. 
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TABLE 382.— ELECTRICAL EQUIVALENTS. ele 
Abbreviations: int’n’l, international; emu, electromagnetic units; esu, electrostatic units; 


¢gs, centimeter-gram-second units. (Taken from Circular 60 of U.S. Bureau of Standards, 


1916, Electric Units and Standards.) 


RESISTANCE: Capacity: 


I international ohm = 
1.00052 absolute ohms 
1.0001 int’n’l ohms (France, before 1911) 
t.00016 Board of Trade units (England, 
1903) ; 
1.01358 B. A. units 
1.00283 “‘legal ohms”’ of 1884 
1.06300 Siemens units 


I international farad = 
©. 99948 absolute farad 


1 absolute farad = 
I.00052 int’n’l farads 
1 “‘ practical ’’ emu 
Io * cgs emu 

8.9892 X 10!! cgs esu 


1 absolute ohm = 
©. 99948 int’n’! ohms 
1 “ practical”? emu 
Io? cgs emu 
I. 1124 X 10  cgs esu 


INDUCTANCE: 


1 international henry = 
1.00052 absolute henries 


t absolute henry = 
0. 99948 int’n’] henry 
1 “ practical’? emu 
Io’ emu 
I. 1124 X 10 ” cgs esu 


CURRENT: 


I international ampere = 
©. 99991 absolute ampere 
1.00084 int’n’l amperes (U. S. before 1911) 
1.00130 int’n’l amperes (England, before 


1906) ENERGY AND POWER: 
I.0o106 int’n’! amperes (England, 1906- Bike : 80.66 
08) Ge ar . gravity ; 980.665 cm/sec/sec.) 
caer a _| 1 international joule = 
" int’n’! amperes (England, 1909 pec 5. eetekeapales 
ret ae 
ey int’n’l amperes (Germany, before sAbsanine wale 


©. 99966 int’n’l joule 

Io’ ergs 

0. 737560 standard foot-pound 

©. 101972 standard kilogram-meter 
0. 277778 X Io © kilowatt-hour 


I .ooo2int’n’lamperes (France, before 1911) 


I absolute ampere = 
I 00009 int’n’l amperes 
1 ‘‘practical’”’ emu 
0. I cgs emu 
2.9982 X 10° cgs esu 


RESISTIVITY: 


I ohm-cm = 0. 393700 ohm-inch 
= 10,000 ohm (meter, mm?) 
= 12,732.4 ohm (meter, mm) 
= 393,700 microhm-inch 
= 1,000,000 microhm-cm 
= 6,015,290 ohm (mil, foot) 


ELECTROMOTIVE FORCE: 


I international volt = 

I.00043 absolute volts 

1.00084 int’n’l volts (U. S. before 1911) 

1.00130 int’n’l volts (England, before 
1906) 

I.00106 int’n’l volts (England, 1906-08) 

I. 00010 int’n’l volts (England, 1909-10) 

1.00032 int’n’l volts (Germany, before 
IQII) 

1.00032 int’n’l volts (France, before 1911) 


1 ohm (meter, gram) = 5710.0 ohm (mile, 
pound) 


MAGNETIC QUANTITIES: 


I int’n’] gilbert = 0.99991 absolute gilbert 
1 absolute gilbert = 1. 00009 int’n’l gilberts 
I int’n’] maxwell = 1. 00043 absolute maxwells 
1 absolute maxwell = 0. 99957 int’n’! maxwell 


t absolute volt = 
0.99957 int’n’l volt 
1 “‘ practical’ emu 


to® cgs emu 1 gilbert = 0.7958 ampere-turn 
©. 0033353 ces esu 1 gilbert percm =o. 7958 ampere-turn per 
cm 
Quantity oF ELECTRICITY: = 2.021 i a Gash per 
inc 
(Same as current equivalents.) I maxwell = 1 line 


I international coulomb = 
1/3600 ampere-hour 
1/96500 faraday 


= 10 8 volt-second 
I maxwell per cm? = 6. 452 maxwells per in? 
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TABLE 383, 


COMPOSITION AND ELECTROMOTIVE FORCE OF VOLTAIC CELLS. 


The electromotive forces given in this table approximately represent what may be expected from a cell in good worls 


ing order, but with the exception of the standard cells 


“ 


« 


W 
Marié Davy 


* The Minotto or Sawdust, the Meidinger, the Callaud, 


“cc 


«cc 


“ 


« 


“ 


a a SS SS SS 


(a) Dous.e Frurip CELLs. 


[| | 


{ I part HeSO4 ie 
l 12 parts H20. 


“ 


to 25 parts of 
H2S0O,4 and 100 
parts H20 . 


I part H2SO, to 
12 parts H2O. 


12 parts KyCr2O07 
l 
j 

part H2SO,4 to { 


4 parts H20 . 


I 
I part H2SO, to | 
12 parts H2O. 


5% } 
ZnSO4-+ 6H20 


solution of 
4 parts H20 . 


I part HgSOx, to 
12 parts H20 . 


! 
MY part NaCl a 


Solution of ZnSO, 
H2SOq4 solution, ) 
density 1.136 . § 


H2SOx, solution, 
density 1.136 . 


H2SOx4 solution, 
density 1.06 . 


§ HgSOx, solution, 
(density 1.14 . 


H2SO,4 solution, 
density 1.06 . 


NaCl solution . 


I part HgSOx, to 
I2 parts H2O 


| Partain ails « “« | Solution of MgSO, | mc Solution of KyCr2Q7 | 2.06 


and the Lockwood cells are modifications of the Daniell, 


and hence have about the same electromotive force. 
SMITHSONIAN TasBLes. 


all of them are subject to considerable variation. 


ae Solution, 
Carbon | Fuming HNO; 
“ HNOs, density 1.38 | 1.86 


I part H2SO, to 
12 parts H2O 


wo 
a 


Saturated solution } 
of CuSO4+5H20 


12 parts KoCr2O; 
to 100 parts H2O § 


Copper 


“ 66 


Platinum| Fuming HNOg,. . 
23 HNOs, density 1.33 


a Concentrated HNOs 


- HNOs, density 1.33 | 1.79 
“ “ ryt 
J HNOs, density 1.19 | 1.66 


“ “ 


density 1.33 | 1.88 


Carbon phate of mercury 


Paste of protosul- 
1.50 
and water . 


a 


“ 


TABLE S833 (continued), 
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COMPOSITION AND ELECTROMOTIVE FORCE OF VOLTAIC CELLS. 


.|Amal. zine} ZnSOx, solution . 


erage 1.3. 


Name of cell, | Pe Solution. Positive pole. z sah 
(b) Sincue Frurp CELts. 
Carbon. Depolari- 
: Solution of sal-ammo- zer: manganese 
| Leclanche . . .| Amal. zinc = oset perogide, with 1.46 
F powdered carbon J 
Solution of caustic § Copper. Seah 
: Chaperon i | aa ti potash . a lizer: CuO ; 0.98 
| Edison-Lelande .| “ P i aulas 0.70 
, . 3 23 % solution of sal- ilver. Depolari- 
poate jor silver a x Ht ces ae zer: silver chl’ride us 
} Raw. s Carbon . F 1.37 
. : ) 200, 1 pt. NH,Cl, 
| 3 pts. plaster of paris, 
: Dry cell (Gassner) ON one 2 pts. ZnCl,and water § Anns ela, 1.3 
| to make a paste : 
Poggendorff . .|Amal.zinc eer foes Pheanate SOE iar Realname 1.08 
( 12 parts KgCreO7 + 
. Byte ae % 25 parts H2SO4 1 ~ aia 2.01 
‘ 100 parts H2O 
1 1 part HeSO,4 + 
J. Regnault. . se " 12 parts H2O + Cadmium . 0.34 
= vei CaSO, 
Volta couple Zinc - Copper . “ 0.98 
j (c) Sranparp CELLs. 
Cadmi’ Saturated solution of masa " 83* 
admi’m aturated solution o epolarizer: paste 1.0183 
Weston normal . eet a } 304 |\ of HgeSO,g and t at 20° C 
CdS OR eo yes) 
Mercury. 
Zinc l||{§ Saturated solution of Depolarizer: paste 1.434 
. Clark standard . acinely ZnSOg of HgeSO, and at 15°C 
ZnSO4 Bes ee 
(d) Seconpary CELLS. 
Cc . Mo 
} Lead accumulator | Lead . ee teeaats ate Ji’ 2 ea ae ae 2.2t 
1.68 to 
; Regnier (1). . Copper .| CuSOg+ H2SO, . “i : 3 0.85, av- 


Main . 
Edison 


Amal.zinc| H»SOx4 density ab’t 1.1 


Iron KOH 20% solution . 


in H2SO,4 


A nickel oxide . 


The temperature formula is E, = Ey; — 0.00119 (t — 15) — 0.000007 (t — 15)?. 


+ F. Streintz gives the following value of the temperature variation = at different stages of charge : 


E. M. F. 1.9223 1.9828 2.0031 2.0084 2,010§ 2.0779 2.2070 
dE/dtX 108 140 228 335 285 255 130 73 
Dolezalek gives the following relation between E. M. F. and acid concentration : 
Per cent HeSO, 64.5 52.2 35.3 21.4 5.2 
E.M.F.,0°C 2.37 2:25 2.10 2,00 1,89 
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2.36 
2.50 


[.I1, mean 


of full 


discharge. 


; * The temperature formula is E, = Eg9 — 0.0000406 (t — 20)—0, 00000095 (t — 20)? + 0.00000001 (t — 20) 3. 
, $ The value given for the Clark cell i is the old one adopted by the Chicago International Electrical Congress in 1893- 
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Distilled water . 


Alum eu saturated 4) 
at 169.5 C 

Copper sulphate solution : 
sp. gr. 1.087 at 16°.6 C. 

Copper sulphate solution : 
saturated at 15° C. 

Sea salt solution : sp. gr. 
1.16 ati20-75 C.. 

Sal-ammoniac solution : 
saturated at 15°.5 C. 

Zinc sulphate sotution: sp. 
gr. 1.125 at 16°.9 

Zine sulphate Solution 
saturated at 15°.3 

One part distilled he uf ! 
3 parts saturated zinc 
sulphate solution . J 

Strong sulphuric acid in 

distilled water : 

I to 20 by weight . 


Ito1oby volume . . 


nto Sby weight a. ). 


SiON Te ON VOTE Q 5 Gt 


°55 
Concentrated sulphuric acid 


Concentrated nitric acid 

Mercurous sulphate paste . 

Distilled water containing 
trace of sulphuric acid 
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TaBLe 384. 
CONTACT D:!FFERENCE OF 
Solids with Liquids and 


Temperature of substances 


Platinum. 


* Everett’s ‘‘ Units and Physical Constants: ” Table of 


F TABLE 384 (continued) ars 


POTENTIAL IN VOLTS., 
Liquids with Liquids in Air.* 


during experiment about 16° C. 


Amalgamated 

Distilled water. 

Alum solution 
saturated at 16°.5 C. 

Copper sulphate solution : 
saturated at 15° C. 

Zinc sulphate solution : 
Sp. gr. 1.25 at 16°.9 C. 

Zinc sulphate solution : 
saturated at 15°.3 C. 

One part distilled water 
+ 3 pts. zinc sulphate. 

Strong nitric acid. 


Mrstilled water. . « 


Alum solution: saturated 
Btr6". 5, C. BeBe 
Copper sulphate solution : 
sp. gr. 1.087 at 16°.6 C. 
Copper sulphate solution : 
Saturated at 15°C... 
Sea salt solution: sp. gr. 
Matovat 207.5 ©... 3) .5 
Sal-ammoniac solution: 
saturated at 15°.5 C. . 
Zinc sulphate solution: 
Sp. gr. 1.125 at 16°.9 C. 
Zinc sulphate solution: 
saturated at 15°.3.C. . 
One part distilled water + 
3 parts saturated zinc 
sulphate solution 

Strong sulphuric acid i 
distilled water : 
Ito 20 by weight . . 


—.043 164 — 


3 


Ito1oby volume . . 
Ito 5by weight. . . 


5 to 1 by weight . 


Concentrated sulphuricacid}] .848 


Concentrated nitric acid 

Mercurous sulphate paste . 

Distilled water containing 
trace of sulphuric acid. 


| Ayrton and Perry's results, prepared by Ayrton. 
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3 16 Taste 385, eee 


DIFFERENCE OF POTENTIAL BETWEEN METALS IN SOLUTIONS OF 
SALTS. / 


The following numbers are given by G. Magnanini* for the difference of potential in hundredths of a volt between 
zinc in a normal solution of sulphuric acid and the metals named at the head of the different columns when placed 
in the solution named in the first column. The solutions were coutasmed in a U-tube, and the sign of the differ. 
ence of potential is such that the current will flow from the more positive to the less positive through the ex- 
ternal circuit. 


Strength of the solution in 
gram mapceles per Zinc.t Cadmium.+ Lead. in. p Silver. 
iter. 


No. of 


molecules. Difference of potential in centivolts. 


H2SO4 : : 51.3 51.3 100.7 
NaOH A : 31.8 0.2 80.2 
KOH 2. . 32.0 —1.2 
NazSOg ; 6 50.8 51-4 
NagS203 ; : ; 45-3 45-7 


KNOs : : : 31.1 
NaNOg ; 3 a 40.9 
KeCrO4 ; ; P 40.9 
KoCreO7 8 c e 68.1 
K2SO4 : : : 40.9 


K4FeCgNeg ; i I 41.2 


KegFeo(CN) 2 : . . 130.9 
KCNS é E . 52.7 
NaNOg3 


Sr(NO3)2 


C4H4KNaOg 


* “ Rend. della R. Acc. di Roma,’’ 1890. 

+ Amalgamated. 

t Not constant. 

§ After some time. 

|| A quantity of bromine was used corresponding to NAOH =1, 
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TABLE 386. ay if 
THERMOELECTRIC POWER. 


The thermoelectric power of a circuit of two metals is the electromotive force produced by one degree C difference 
of temperature between the junctions. The thermoelectric power varies with the temperature, thus: thermoelectric 
power = Q = dE/dt = A + Bt, where A is the thermoelectric power at 0° C, B is a constant, and ¢ is the mean tem- 
perature of the junctions. The neutral point is the temperature at which dE/dt = 0, and its value is — A/B. When 
a current is caused to flow in a circuit of two metals originally at a uniform temperature, heat is liberated at one of 
the junctions and absorbed at the other. The rate of production or liberation of*heat at each junction, or Peltier effect, 
is given in calories per second, by multiplying the current by the coefficient of the Peltier effect. This coefficient in 
calories per coulomb = Q7/ 7, in which Q is in volts per degree C, T is the absolute temperature of the junction, and 
F =419. Heat is also liberated or absorbed in each of the metals as the current flows through portions of varying 
temperature. The rate of production or liberation of heat in each metal, or the Thomson effect, is given in calories 
per second by multiplying the current by the coefficient of the Thomson effect. This coefficient, in calories per coulomb 
= BT@/F, in which B is in volts per degree C, T is the mean absolute temperature of the junctions, and @ is the differ- 
ence of temperature of the junctions. (BY) is Sir W. Thomson’s “Specific Heat of Electricity.” The algebraic signs 
are so chosen in the following table that when A is positive, the current flows in the metal considered from the hot 
junction to the cold. When B is positive, Q increases (algebraically) with the temperature. The values of A, B, and 
thermoelectric power in the following table are with respect to lead as the other metal of the thermoelectric circuit. 
The thermoelectric power of a couple composed of two metals, 1 and 2, is given by subtracting the value for 2 from 
that for 1; when this difference is positive, the current flows from the hot junction to the cold inr. In the following 
table, A is given in microvolts per degree, B in microvolts per degree per degree, and the neutral point in degrees. 

The table has been compiled from the results of Becquerel, Matthiessen and Tait; in reducing the results, the 
electromotive force of the Grove and Daniell cells has been taken as 1.95 and 1.07 volts. The value for constantan was 
reduced from results given in Landolt-Bérnstein’s tables. The thermoelectric powers of antimony and bismuth alloys 
are given by Becquerel in the reference given below. 


Thermoelectric power 
at mean temp. of Neutral 


A B junctions (microvolts). point Author- 
Substance. IMicrovolts. | NUICrOVOltSs)|(c2 oe ec eee |) ea ity. 


Aluminum 
Antimony, comm’! pressed wire... 
is axial 


Argentan 
“ 


Arsenic 
Bismuth, comm’! pressed wire... . 
“ pure “ “ee 4 : 
crystal, axial 
“equatorial 


Iilieh ee I 


| 
4 
a 
w 


Lt | 


Teal 
ar 
ant 
ax 
wi 


Qn 


pianoforte wire 
commercial 
“ 


wizdn 


- 


elle 


Magnesium 
Molybdenum 


+ 
to 
w& 
fon 


(—18° to 175°) 
(250°-300°) 
(above 340°) , —o.0506 


ee 
sHwSer | 


- 


| | 
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3 I 8 TABLES 386 (continuea),-387.—-THERMOELECTRIC POWER. 
TABLE 386.—Thermoelectric Power (continued). 


Thermoelectric power 
_ at mean temp. of 
junctions (microvolts). 


2001, | so" GC. 


Substance. .|Microvolts. 


Palladium . esas ’ 30355) | «28-9 —7.96 
Phosphorus (red) . yaad - +29.9 ce 
Platinum . Saelal hie ~ +0.9 - 

A (hardened) 3 ; : .0074 +2.42| +2.20 
(malleable)... 6 .O109 —.818) —1.15 
wire < - = +0.94 
another specimen - - Jala, 

Platinum-iridium alloys: 

85% Pt+15%Ir . . : .0062 | +8.03| +8.21 

ae) Pt+10% Ir . : : -0133 +5.63] +5.23 

% Pt+. 5%Ir . . i -0055 | +6.26| +6.42 

elena Ag 63 aN ie ~ +807. - 
Silver ; oe ae : .0147 | +2.41 | +2.86 

= pure hard) . . . - +3.00 

ewe 2 Belle 2 ~ - - +2.18 
Steeb sir a ber Re obs : .0325 | +10.62} +9.65 
Tantalum Ses alad wallfits - : - 
Tellurium B “ik : - 
Thallium . ramet - 
Tin (commercial) . ee +0. 33 


Se ee ee Ee he as, ) von ORS SIO 2 —o.16 
Tungsten. en eae - ; = 
Zinc . F a CORR Geer +2.32 |+0.0238 P +3.51 
“pure pressed . : - - : - 


SSeS! Ei Sea 


B Ed. Becquerel, “Ann. de Chim. et de Phys.” [4] vol. 8 S. Bureau of 
Standards. 

M Matthiesen, “ Pogg. Ann.” vol. 103, reduced by Fleming Jenkin. 

T Tait, ‘“Trans..R. S; E.” vol. 27, reduced, by Mascart. 

H_ Haken, Ann. der Phys. 32, p.291, 1910. (Electrical conductivity of Te8=0.04, 
Tea 1.7 e.m. units.) Swisher, 1917. 


TABLE 387.—Thermoelectric Power of Alloys. 
The thermoelectric powers of a number of alloys are given in this table, the authority being Ed. Becquerel. They are 
relative to lead, and for a mean temperature of 50° C. In reducing the results from copper as,a reference metal, 
the thermoelectric power of lead to copper was taken as — 1.9. 


Its. 


Substance. Substance. Substance. 


Relative 
quantity. 
Thermoelec 
tric power iu 
microvolts 
Relative 
quantity. 
Relative 
quantity 
Thermoelec 
tric power in 
microyo’ 


Antimony 
Cadmium 


Antimony 
Cadmium 
Zinc 


Antimony 
Cadmium 
Bismuth 


Antimony 
Zinc 


Antimony 
Zinc 
Bismuth 
Antimony 
Cadmium 
Lead 

Zinc 
Antimony 
Cadmium 
Zinc 

Tin 


Antimony Bismuth 
Zinc Antimony 


aaa ” Bismuth 
Antimony Antimony 


Cadmi 
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Bismuth d Arsenic 
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Antimony . Bismuth sulphide 
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TABLE 388,.— Thermoelectric Power against Platinum. 


One junction is supposed to be at o°C; + indicates that the current flows from the o° junction 
into the platinum. The rhodium and iridium were rolled, the other metals drawn.* 


Tempera- go%Pt+ | 10% Pt+ go%Pt+ | 90°%Pt+ 
ture, °C. ; ; 10%Pd. | go%Pd. : 10%Rh. | 10%Ru. 


bi ; ; —o.1t | +0.24 
—0.09 | +0.15 
+0.26 | —o.19 
+0.62 
+1.0 
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* Holborn and Day. 


TABLE 389, —Thermal E. M. P. of Platinum-Rhodium Alloys Against Pure Platinum, in Millivolts.* 


20 p. Ct. | 30 p. ct.t 


COO WANT O02 DO Wt Ge wn 


FOOD RAHA BW 
NY OWOWOMNW HNN 


* Carnegie Institution, Pub. 157, rgrr. + Holborn and Wien, 1892. 
+ Holborn and Day, mean value, 1899. 
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THERMOELECTRIC PROPERTIES: PRESSURE EFFECTS. 


TABLES 390-391. 


TABLE 390.— Thermoelectric Power; Pressure Effects. 


The following values of the thermoelectric powers under various pressures are taken from Bridgman, Pr. Am. Acad. 
Arts and Sc. 53, p. 269, 1918. A positive emf means that the current at the hot junction flows from the uncompressed 
to the compressed metal. The cold junction is always at o° C. The last two columns give the constants in the 
equation E = thermoelectric force against lead (0° to 100° C) = (At + Bf) X 10-6 volts, at atmospheric pressure, a 
Positive emf meaning that the current flows from lead to the metal under consideration at the hot junction. 


Thermo-electric force, volts X 109 


Pressure, kg/cm? 


Temperature, ° C 


8000 


Bre selec eee 53 ,000|85,000]110,000]185,000] 255,000]425 ,000}185 ,000]45 2,000 
Sere Stamsevote 6,200|14,100 
Satta: tb ta otis eo 4,930}10,870 


Sate street 2,040 

2,850 
sata ele brew 2,190 
Meta Weise eels 1,810 
Wee eee I,190 


ee eee ee eeee 
Sr ed 


* Identical wire of Table 398. + Another wire of same sample. 


7,120 
5;:959 
4,380 
3,000 
2,530 
1,680 
1,870 
1,670 
1,050 
1,052 
584 
IOI 
140 
+87 
—232 
—107 
—348 


13,000] 28,500 
9,380] 20,290 
4,620] 14,380 
5,800] 11,810 
4,400] 8,800 
3,000] 7,310 
2,360) 4,990 
1,500 3,400 
1,720 

590 

920 

905 

+580 

—OI 

+187 

+58 

—242 

—181 

—316 


26,100 
17,170 
10,960 
11,530 
8,630 
7:379 
4,690 


58,100 
37,630 
28,740 
23,790 
17,690 
14,350 
10,120 
7,190 
7,190 
5,820 
4,210 
3,974 
2,420 
920 
555 
+292 
—894 
—791 


—630| —1,360 


14,400 
8,780 
6,680 
6,750 
§,090 
3,880 


38,500 
23,750 
19,180 
17,200 
12,970 
I1,030 
7,050 
5,140 
4,950 
220 
281 
2,627 
1,616 
312 
562 
+10 
—719 
—648 


710,000 —74. 


87,400 
52,460 
45,560 


35,470 
26,520 


21,570 
15,140 
11,440 
10,560 


1,304 
—1,206 


. 092} — .01334 
-504]-+.01705 
.61 |—.0178 
-556|+. 00432 
.18 |—.0089 2 
+2.899}+.00467 8 
+2.777|+.00483 
—o.416]+.00008 4 
+5.892|+.021675 
+o. 230] — .00067 
+1.366}+.000414 6 
—0.095}+.00004 


—937|—2,061|—17.32 |—.0390 | 


t Different sample. 


§ Results too irregular for interpolation for values at other temperature and pressures; see original article. 
(1) —.0556f3; (2) —.0486/3, annealed ingot iron; (3) —-os166/3; (4) —.osti3; (5) —.0425; (6) —.osrr2f. 


TABLE 391. — Peltier and Thomson Heats; Pressure Effects. 


The following data indicate the magnitude of the effect of pressure on the Peltier and Thomson heats. They refer 
to the same samples as for the last table. The Peltier heat is considered positive if heat is absorbed by the positive 
current from the surroundings on flowing from uncompressed to compressed metal. A positive d?E/df means a larger 


Thomson heat in the compressed metal, and the Thomson heat is itself considered positive if heat is absorbed by 


positive current in flowing from cold to hot metal. Same reference and notes as for preceding table. 
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Peltier 


heat, 


108 X Joules/coulomb. 


Pressure kg/cm? 


6000 || 


Temperature ° C 


50° | r00°|| o° 50° | 100° 


— }+1150/-+650 
+48 


+1210) — 


+140] +190) 


12,099 


6000 


Thomson heat, 
108 X Joules/coulomb/° C 


Pressure kg/cm? 


12,000 


Temperature ° C 


+2580}-+ 2810 
+278|+412 
+171|+229 
+148]4-221 
+114|+140 


+190 
+112 
+81 
+90 


* + t § Same significance as in preceding table. 


the 
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TABLE 392. — Peltier Effect. 


The-coefficient of Peltier effect may be calculated from the constants A and B of Table 386, as 
there shown. With Q (see Table 386) in microvolts per ° C.and T+ absolute temperature (K), 


the coefficient of Peltier effect= OF eal. per coulomb=0.00086 QT cal. per-ampere-hour=QT/1000 


millivolts (=millijoules per coulomb). Experimental results, expressed in slightly different units, 
are here given. The figures are for the heat production at a junction of copper and the metal 
named, in calories per ampere-hour. The current flowing from copper to the metal named, a posi- 
tive:sign indicates a warming of the junction. The temperature not being stated by either author, 
and Le Roux not giving the algebraic signs, these results are not of great value. 


Calories per ampere-hour. 


Z a 


& 9 E S78 OR 8 ee eee ee 


Le Rouxf .| 13.02 


* “ Wied. Ann.” vol. 34, p. 767- 

t “Ann. de Chim. et de Phys.” (4) vol. 10, p. 201. 

+ Becquerel’s antimony is 806 parts Sb + 406 parts Zn-+ r2e parts Bi. 
§ Becquerel’s bismuth is 10 parts Bi-+1 part Sb. 


TABLE 393.— Peltier Effect, Pe-Constantan, Ni-Cu, 0 — 560° C. 


| 


in Gram. Cal. —10%|f 


per coulomb. 


TABLE 394. — Peltier Electromotive Force in Millivoits. 


+.37 


+.70 | +1.02 | +2.17 


+.70| +.85 


Le Roux, 1867; Jahn, 1888; Edlund, 1870-71 ; Caswell, Phys. Rev. 33, p. 381, 1914. 
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TABLE 395, 
,THE TRIBO-ELECTRISC SERIES. 


In the following table it is so arranged that any material in the list becomes positively electrified when | 
rubbed by one lower in the list. The phenomenon depends upon surface conditions and circum- 
stances may alter the relative positions in the list. 


1 Asbestos (sheet). 13 Silk. 24 Amber. 
2 Rabbit’s fur, hair, (Hg). 14 Al, Mn, Zn, Cd, Cr, felt, 25 Slate, chrome-alum. 
3 Glass (combn. tubing). hand, wash-leather, 26 Shellac, resin, sealing-wax, 
4 Vitreous silica, opossum’s 15 Filter paper. 27 Ebonite. 
fur. 16 Vulcanized fiber. 28 Co, Ni, Sn, Cu, As, Bi, 
5 Glass (fusn.). 17 Cotton. Sb, Ag, Pd, C, Te, Eu- 
6 Mica. 18 Magnalium. reka, straw, copper sul- 
7 Wool. 19 K-alum, rock-salt, satin phate, brass. 
8 Glass (pol.), quartz (pol.), spar. 29 Para rubber, iron alum. 
glazed porcelain. 20 Woods, Fe. 30 Guttapercha, 
9 Glass (broken edge), 21 Unglazed porcelain, sal- 31 Sulphur. 
ivory. ammoniac. 32 Pt, Ag, Au. 
to Calcite. 22 K-bichromate, paraffin, 33 Celluloid. 
rieatesetitr. tinned-Fe, 34 Indiarubber. 
12 Ca, Mg, Pb, fluor spar, 23 Cork, ebony. 
borax. 


the original article shows the alterations in the series sequence. 


Shaw, Pr. Roy. Soc. 94, p. 16, 1917; 
due to varied conditions. 


TABLE 396, 
AUXILIARY TABLE FOR COMPUTING WIRE RESISTANCES. 


For computing resistance in ohms per meter from resistivity, p, in michroms per cm. cube (see 
Table 397, etc.). ¢..g. to compute for No. 23 copper wire when p==1.724: I meter =0,0387 + 
.0271 ++ .0008 + .0002 = 0.0668 ohms; for No. 11 lead wire when p= 20.4; I meter =0.0479 + 
.0010 = 0.0489 ohms. The following relation allows computation for wires of other gage num- 
bers: resistance in ohms per meter of No. N==2(%— 3) within 1 %: ¢. g. resistance of meter of 
No, 18 = 2 X No. 15. 


p in micro-ohms per cm. cube. 


1. 2. See ecm gee 


Resistance of wire 1 meter long in ohms. 


0000] 11.7 | 107.2 +04933 | .03187| .03280| .03373| .03466 03560 


00] 9.27 | 67-43 103148 | .03297| -03445] +03593| -03742|  +03890 
1] 7.35 | 42.4% 103236 | .03472| 103707] .03943| .09118 1Og14f 
3) 5.83 | 26.67 ©3375 | .03750| .O9112| «O9150| 402187 109225 
5| 4.62 16.77 103596] .Oo119| .02179| +2239] 102298 109358 
7| 3:66 | 10.55 +03948 | 02190] 102284] .02379] .02474] 102569 
g| 2.91 6.634 *Og1§L | 102301 | 209452] 102603] 402754 100904 


Ir| 2.30 4:172 +0240] .02479] +09719| 109959] .0120 .0144 
13| 1.83 2.624 209381] .09762| .O1r4 .O152 sOI1QL +0229 
15| 1.45 1.650 .0,606| .o121 | .0182 | .0242 | .0303 10364 
17| 3.15 1,038 09963 | .0193 | 1.0289 | +0385 | .0482 0578 
19| .912 .6527] .0153 | .0306 | .0460 | .0613 0766 ,0919 
21 +723 14105 | .0244 | .0487 | .0731 10974 | .1218 +1462 
23 +573 +2582] .0387 | .0775 | .1162 | «1549 | «1936 +2324 
25| 455 01624] .0616 | 1.1232 | «1847 | «2463 | 13079 +3695 
27 36% s102E| 10979 | »1959 | -2938 | .3918 4897 +5877 
29| .286 .0642| 01557 | .3114 | 4671 | .6228 | .7786 0343 
3t 1227 +0404 | .2476 | .4952 | +7428 | .9904 | 1.238 1.486 
33| 2180 00254] .3937 | .7874 | r18t | 2.575 | 1.968 2.362 
35 0143 20160 | 6262 | 1.252 1.879 | 2.505 | 3.132 3-757 
37| «183 s0100 | .9950 | 1.999 2.985 3-980 | 4.975 5.970 
39| 090] .0063 | 1.683 | 3.166 | 4.748 | 6.332 | 7.914 | 9.497 
40| 080 +0050 | 1.996 11.98 


3.993 


SMITHSONIAN TABLES, 


TABLE 397. a0 8 
RESISTIVITY OF METALS AND SOME ALLOYS. 


The resistivities are the values of p in the equation R = p//s, where R is the resistance in microhms of a length 
- Icm of uniform cross section s cm?. The temperature coefficient is as in the formula Rt = Re{x + as(t — ta)}. The 
information of column 2 does not necessarily apply to the temperature coefficient. See also next table for tempera- 
__ ture coefficients 0° to 100° C, 


| Temperature coefficient. 
Tempera- | 


Microhm-|Refer- 


Substance. Remarks. asi cm ence. ; Refer- 
8 as ence 
| 
PROVANICE, . <clse:c oielee see constantan _ _ _ _ = —= + || 
Aluminum.......... see Pp. 334 20. 2.828 I 18° +.0039 2 
Pee teers atexsisya-e aps —189. 0.64 2 25 +.0034 i 
Bed, Meet attests ss —I00. 1.53 3 100 +.0040 4 
SS ine Get aieNeict wets: oe? O. 2.62 3 500 +.0050 4 
Sub cigliocienated ¢ +100. 3.86 3 _ — Sel 
Beem A Pie are oacansss ss 400. 8.0 3 _ _— — 
FAMAEIMNONYioivis.cicic esc.0: ce 20. 41.7 5 20 +.0036 5 
UN” Sane oe eee _— —I90. 10.5 6 _ — — 
Se Sec cehe oat liquid +860. 120. 7 _ _ _ 
AGEING aaa ae ee eee — O°. Bae 8 _ _ _ 
PISTON EE tec sere. ece aya wie _ 18. II9.0 9 20 +.004 5 
MG aie aieisie alere-e's _ 100. 160.2 9 — — — 
PAS ec tcyertieta svoisloi sia’ — 20. 7. 5 20 +.002 5 
(Cah drawn —160. 2.72 be 20 + .0038 5 
A ttn tenes 18. 7.54 9 — —_ — 
JS ocoroe BOS Ioo. 9.82 9 — _— — 
Pen Site ata wistahocsts liquid 318. 34.1 II — — — 
ISAORHIN. crore o's, «ie 0 <'s — —187. 5.25 12 _ — — 
Sed refaitterdtsree vais, axe _ °. 19. II — _ _ 
So ol Ee solid \ 27. 22.2 13 _ — —_— 
= Ch orrcee ear liquid 30. 36.6 13 _ —_ —_— 
Calcium SWI eine ete «8 99.57 pure 20. 4.6 14 _— +.0036 I4 
RE LHGO se atepoinln’s eieiay@rer see constantan a — _ _ — — 
SOHTOMIUM ss eis se _ 2 O. 2.6 15 _ — _— 
CU ane — 20. 87. 5 20 +.0007 5 
MEGHAlE. wan issec clei s 99.8 pure 20. 0.7 16 —_ — — 
Constantan......... 60% Cu, 40% Ni 20. 40. 5 12 +.000008 4 
Fe Bais ase _ _ _— _ 25 +.000002 4 
a GOomecne — — — _ 100 — .000033 4 
Se gn enee _ _ — = 200 — .000020 4 
SIMMS ahi dices — — — —_ 500 +.000027 4 
BODEN iets oes annealed 20. 1.724 I 20 see col. 2 + .00393 5 
Beefs iereiesche\crecoe hard-drawn 20. 1.77 I et ee: + .00382 5 
- Breer erakel se avon electrolytic —206. 0.144 |] 17 100 +.0038 4 
i Do agiC oO dOCe eS *f +205 2.92 17 400 +.0042 4 
Meet aavaieienk asa pure 400. 4.10 3 1000 +.0062 4 
MS ry tye orakc a (Graze very pure, ann’ld 20. 1.692 18 — _— 
BITE aise e wveitvergiavaie see constantan — — — _ — — 
22 Wj oooaepgeeumer — 20. 92. 5 20 +.00016 5 
Cal hl oe _ °. 53 12 —_— — — 
German silver....... 18% Ni 20. 33 5 20 + .0004 5 
Take arsycicvarse tare ....| 99.9 pure —183. 0.68 17 20 +.0034 5 
. Mercy aisvarevelectieias — °. 2.22 II too ann’Id +.0025 4 
ve eeee eee n eens pure, drawn 20. 2.44 9 500 + .0035 4 
RTP aheve stiller: sores 99.9 pure 104.5 3.77 17 Iooo =f +.0049 4 
Ee Sea hie stes brews see constantan — — _— — — — 
Ideal “a “ a pa pais pas) 
We Eee 
Arranged in order of increasing resistivity (ohm-em?X10—8, 20°O), 
Graphite 0008 W 5.0 Co 9.0 Sb 30. 
Carbon .003 Mn 5.et Pd 10.21 Ga 53 
1.468 Mo (5.3) Pt 10.96 Os 56 
Cu 1.59 Zn 5:75 Rb 13.0 Hg 04.07 
Au 2.22 Ir 6.10 Sn 13.0 Bi 110. 
Al 2.6 K. 6.1 Ta 14.6 Te 2 X 108 
Cr 2.6 Ni 6.03 Tl 17.6 P tol2 
Ti 3.2 Cd 7.04 Cs 19. - B & X 1013 
Na 4.3 an 8.37 Pb 20.4 Se 1013 
Ca 4.3 Li 8.55 Sr (23.5) 1017 
Mg 4.35 Fe 8.8 As 35: 
Rh 4.60 


EMITHSONIAN TABLES. 


324 TABLE 397 (continued). 
RESISTIVITY OF METALS AND SOME ALLOYS. 


Temperature coefficient. 


Substance. Remarks. 
ts 


99.98% pure 
pure, soft 


i) 
no 


E. B. B. ; ; see col. 2 
B.B 


. “ “ 
Siemens-Martin g . s 
manganese 5 : Fe 
35% Ni, “invar.” 


nop 


“ 


HH 


An 
[LL 112) bl Beaaateas leeenPal 11) 11 | bboate 188 Luana leace 


see col. 2 


13 /8818888 122888! 


oro 


solid 


liquid 


Awe COkHO On LHe 


HITIIIIN IBS 


free from Zn 
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Manganin......... 
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TABLE 397 (continued). 325 


RESISTIVITY OF METALS AND SOME ALLOYS. 


Tempers Temperature coefficient. 
Substance Remarks. ature, Microhm | Refer- Rel 
° (e! eler- 


very pure 
“ o 


oooco 


eo ea | 


liquid 


OHHH 
Ir 


99.98 pure 
electro ytic 
‘ 


BO AL ANADROIRHO 
oO 


ve) 
(e} 


AoLo 
IODA 
Cn On 


ig i ie ai fa 


4. 
6. 
8. 
°. 
3 

4. 
6. 
2. 
1a 
3. 
9. 
8. 
oe 
° 

T: 
2 
2. 
2. 
ae 
I. 
2. 
4. 
iS 
°. 
4 

5 


SLE LEE EE! 


HHH 
Cnhonbhe won 
fo} 


THe 8 


Lal 
ORROUNKKO OH N00 


° 


fe} 


il ed tl are a Wl 


ei al a) 


a) 
cal 
o/s) 

200 


WOWNRHH 
eae 
ORO, UF0" 
she A aa re 


° 
A 
cl 
111389 
oo 


1) | 


Pt lat heel Pitaat hel dad PRE rl Bbw PEPE RE PED PP Yd Pl Bel Bend 


bbe als 


References to Table 397: (1) See page 334; (2) Jager, Diesselhorst, Wiss. Abh. D. Phys. Tech. Reich. 3, p. 260, 
1900; (3) Nicolai, 1907; (4) Somerville, Phys. Rev. 31, p. 261, 1910; 33, P. 77, 1011; (5) Circular 74 of Bureau of 
Standards, 1918; (6) Eucken, Gelhoff; (7) de la Rive; (8) Matthiessen; (9) Jager, Diesselhorst; (10) Lees, 1908; 
(tr) Mean; (12) Guntz, Broniewski; (13) Hackspill; (14) Swisher, 1917; (15) Shukow; (16) Reichardt, 1901; 
(17) Dewar, Fleming, Dickson, 1898; (18) Wolff, Dellinger, 1910; (19) Erhardt, 1881; (20) Broniewski, Hackspill, 
Torr; (21) Dewar, Fleming, 1893, 1896; (22) Circular 58, Bureau of Standards, 1916; (23) Strouhal, Barus, 1883; 
(24) Vincentini, Omodei, 1890; (25) Bernini, 1905; (26) Glazebrook, Phil. Mag. 20, p. 343, 1885; (27) Grimaldi, 
1888; (28) Fleming, 1900; (29) Langmuir, Gen. Elec. Rev. 19, 1916. 

* See note to Table 386, 
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TABLE 398.— Resistance of Metals under Pressure (Bridgman). 


The average temperature coefficients are per °C between 0° and 100°C. The instantaneous pressure coefficients 
are the values of the derivative (1/r){dr/dp}, where r is the observed resistance at the pressure p and temperature ¢. 
The average coefficient is the total change of resistance between o and 12,000 kg/cm? divided by 12,000 and the resist- 
ance at atmospheric pressure and the temperature in question. Table taken from Proc. Nat. Acad. 3, p. 11,1917. For 
coefficients at intermediate temperatures and pressures, see more detailed account in Proc. Amer. kone 52, Dp. 573 
1017. Sn, Cd, Zn, Kahlbaum’s “K” grade; TI, Bi, electrolytic, high purity; Pb, Ag, Au, Cu, Fe, Pt, of exceptional 
purity. Al better than ordinary, others only of high grade commercial purity. 


Pressure coefficients. 


Average temperature ; 
coefficient Instantaneous coefficient. 4 
0° to 100° C Average coefficient 


2 
Apiaee o to 12,000 kg/cm 


.00406 ; — .041226] — .o41016]| —.o4t510f| —.o41072t| —.o4ro21|—.041131 
-00447 E .041044] .040936]| .o4t062 .040973 .040920] .040951 
.O0517 - 00/ .041319] .041180 .041456 .041 200 -O41I51| .041226 
00424 : .041063|  .040837 .041106 .040887 .040894| .040927 
.0042I : .041442] .041220]| .041483 041237 -O412T2] .041253 
.00416 A .040540] .040425 .040524 .040407 |. .040470| :040454 
-00434 ; .040416| .010365 -0410397 -040373 .040382| .040377 
.004074| . .040358] .04032I1 040355 .040331 . 040333] .040336 
.003068] . .040312] .040286 .040304 -040292 .040287; .040292 
. 004293 é .040201| .O040179 .040184 .040175 .040183| .040177 
.004873 , .040158] .040142 -040163 .0401 56 .040147| .040158 
.003657 i .040094| .040081 .040076 .040070 .040087| .040073 
.006206 x .040241| .040218 .040247 .040230 -040226| .040235 
.003178 , .040198] .040190 .040189 -040187 .O40190] .040186 
.003868] . .040198| .o40181 .040190 -040182 .040187| .040184 
.004336] . .040133| .040126 .040130 «040125 .040129| .040126 
-002973| . -O40149] .04013Q]} .040153 .0401 47 010143| .040149 
.003219] . .040128| .O4012I .040130 .0401 23 .040123| .040126 
.00390 * .04055 _— — — .04055 —_ 
.00473 .00403 |+.041220| + .041064|| +.010768 | +.040723 | -++.041220|+.040768 
+.00438 |+.00395 |+.o4154 |+.040213]| +.04152 § | +.041895§] -+.042228|+ . 041980 § 
a —.03129 _— _ — = — 


* 0° to 20°. T 0° to 24°. t Extrapolated from 50°. § Extrapolated from 75°. 


Additional data from P. Nat. Acad. Sc., 6, 505, 1920. Data are 10,000 X mean pressure Coefficient, o — 12,000 kg, 
and 10,000 x instantaneous pressure Coefficient ato kg. 1= liquid; s =solid. 


Li, s, 0° + .0772 tk 068 Ca, 0? + .106 + .129 Ti, of + .oo1? 

Li, 1, 240°  -—+.093 +093 Sr, 0° + .680 + .502 VAP —.0040 — .004 
Na, s, 0° — -345 — .663 Hg, s, 0° — .236b Bi, 1,,.275° — .101c ——<\ ae 
Na, 1, 2009 — .436 — .g22 Hy, 1, 25° — .219 — .334 Wares — +0135 — 014 
K, s, 25° — -604 — 1.86 Ga, s, 0° — .0247 Eayoc — .0331 — .039 
K, 1, 165° — 8092 —1.68 Ga, 1,302 —.0531 — .064 P, black, 09 —.81 — 2.00 


a, 0 — 9,000 kg; b, 7,640 — 12,000 kg; c,o— 7,000 kg. The Ga, Na, K, Mg, Hg, Bi, W, P, of exceptional purity. 


TABLE 399. — Resistance of Mercury and Manganin under Pressure. 
Mercury, pure and free from air and with proper precautions, makes a reliable secondary electric-resistance pres- 


sure gauge. For construction and manipulation see ‘‘ The Measurement of High Hydrostatic Pressure; a Secondary 
Mercury Resistance Gayge,’”’ Bridgman, Pr. Am. Acad. 44, p. 221, 1919. 


.]0.9186]0. 9055/0. 8930/0. 8818]0. 8714/0. 8582/0. 8478]0. 8268/0. 8076/0. 7896|0. 7807 


3 . |1.0000]0.9836]0.9682]0.9535/0.9394|0.9258]0.9128]0. 8882]0. 8652/0. 8438]0.8335 
weeee+|T-0000]/0.9854/0.9716/0.9588]0.9462/0.9342/0.9228]0. goIO]O. 8806]0. 8616/0. 8527 
R(p, 125°)... eee eee e+ |I.0970] 1.0770] 1.0580] 1.0400] 1.0230] 1.0070]0.9908}0. 9614/0.9342]0.9086]0. 8966 


* This line gives the Specific Mass Resistance at 25°, the other lines the specific volume resistance. 
The use of mercury as above has the advantage of being perfectly reproducible so that at any time a pressure can 
be measured without recourse to a fundamental standard. However, at o° C mercury freezes at 7500 kg/cm*. Man- 
anin is suitable over a much wider range. Over a temperature range o to 50°C the ressure resistance relation is 
inear within 1/10 per cent of the change of resistance up to 13,000 kg/cm?. The coefficient varies slightly with the 
sample. Bridgman’s samples (German) had values of (AR/pRo) X 10° from 2295 to 2325. These are + instead of 
—, as with most of the above metals. See “The Measurement of Hydrostatic Pressure up to 20,000 Kilograms per 
Square Centimeter,” Bridgman, Pr. Am. Acad. 47, p. 321, 1911. 
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Conductivity in mhos or 


Metals and alloys. 


.Gold-copper-silver . 
“ce ‘ ce 


“ 


Nickel-copper-zinc . 


Brass . 
SS Vneietal drawn 
. “ annealed 


German silver 


“ “cc 


Aluminum bronze . 


Phosphor bronze 
]| Silicium bronze . 
Manganese-copper. 


Nickel-manganese- 
copper . : 


Nickelin . 
Patent nickel 


Rheotan . 


Copper-manganese- 
iron 


Copper-manganese~ 


iron. F 
Copper-mangan ese- 
iron. : 


Manganin 
Constantan 


1 Matthiessen. 
2 Various. 
*, 1 £, §, b X 10°=924, 93, 7280, 51, respectively. 


TABLE 400. 


TEMPERATURE COEFFICIENTS. 


I 
ohms per cm.® as 
=Pp=Po(1+at—bt?), 


aed 
CONDUCTIVITY AND RESISTIVITY OF MISCELLANEOUS ALLOYS. 


=Yo0(1—at+bt?) and resistivity in microhms—cm 


il 


3'W. Siemens. 
*Feussner and Lindeck. 


| oe Be | 


®° Blood. 


SmitHsonian Tastes. 


> 
Composition by weight. uy aX 108 Po E 
lu 3 
58.3 Au+ 26.5 Cu+15.2 Ag 7.58 574* 13.2 
06.5 Au+15.4Cu+18.1 Ag 6.83 520T 14.6 
7.4Au-+ 78.3 Cu+ 14.3 Ag] 28.06 1830¢ 3.6 
12.84 Ni+ 30.59 Cu+ 
6.57Zn by volume. . i aoe 4448 20535, \% 
Wariouss. 4, 12.2-15.6 1-2X10°*| 6.4-8.4 |2 
70. 2 Cu + 29. 8 Zn. 12.16 - Crees 
14.35 5 7) SAN 
Wantouse. | a ales 3-5 _ 20.-33. |2 
60. cL 37 Zn + 
14.03 Ni+.30 Fe withtrace 3533 360 30. 4 
of cobalt and manganese ., 
- - - 7.5-8.5 | 5-7X107| 12-13 !2 
- - - 10-20 - 5-10 |2 
rs = = 41 = 2.4 1/5 
30 Mn+ 7oCu. 1.00 40 100. 4 
3 Ni +24 Mn+ 73 Cu 2.10 —30 48. 4 
{i9:é a Ree eee + 
. |) 19.67 24n + 0.24 Fe + 3601 300 36 
0.19 Co+o0.18Mn . : : ‘ 
25.1 Ni+ 74.41 Cu+ 
{ 0.42 Fe-+ 0.23 Zn + 22Q2 190 34. 4 
0.13 Mn + trace of cobalt 
53.28 Cu+ 25.31 Ni+ 
16.89 Zn + 4. Ae ee 1.90 410 53s 4 
o:37 Mn i. : : 
91 Cu+ 7.1Mn+1.9Fe 4.98 120 20. 5 
70.6 Cu+ 23.2 Mn+6.2Fe. 1.30 22 7 6 
69.7 Cu+29.9 Ni+o0.3Fe. 2.60 120 38. a 
84 Cu+ i a 2.3 6 44. 2 
6oCu+4oNi. . 2.04 8 49. 8 
5 Vander Ven. 7 Feussner. 


* Jaeger-Diesselhorst. 


328 TasLe 401. 
CONDUCTING POWER OF ALLOYS. 


This table shows the conducting power of alloys and the variation of the conducting power with temperature.* The 
. A 6 
values of C, were obtained from the original results by assuming silver = res mhos. The conductivity is taken 


as C,= C, (1—at-+-é2?), and the range of temperature was from 0° to 100° C. 


The table is arranged in three groups to show (1) that certain metals when melted together produce a solution 
which has a conductivity equal to the mean of the conductivities of the components, (2) the behavior of those 
metals alloyed with others, and (3) the behavior of the other metals alloyed together. 

Itis pointed out that, with a few exceptions, the percentage variation between o” and 100° can be calculated from the 


: i : ; E - 
formula P=P, 70 where Z is the observed and / the calculated conducting power of the mixture at 100° C., 
and P, is the calculated mean variation of the metals mixed. 


Weight % | Volume % Variation per 100° C. 
—— oe e a X 108 & X 109 ; 
of first named. Observed. |Calculated. 


Lead-silver (PbgpAg) . 
Lead-silver (PbAg) . 
Lead-silver (PbAge) 


Tin-gold (SnyAu) . 
< 1(Snp an) 


Tin-copper . 
6c “ 


Tin-silver . . 


“ sec 
° 


Zinc-copper 
it “c 


+ 
if 
tT 
+ 
t 


Norte. — Barus, in the ‘‘ Am. Jour. of Sci.’ vol. 36, has pointed out that the temperature yariation of platinum 


. a n F 
alloys containing less than 10% of the other metal can be nearly expressed by an equation y= zm where y is the 


temperature coefficient and x the specific resistance, # and being constants. Ifa be the temperature coefficient at 
o° C, and s the corresponding specific resistance, s (a + #2) =. 


For platinum alloys Barus’s experiments gave #z = — .000194 and # =.0378. 
For steel 72 = —,.000303 and ” = .0620, 


Matthiessen’s experiments reduced by Barus gave for 


Gold alloys #2 = — .000045, 7 = .00721, 
Silver “ #2=—.o00112, 2 =.00538. 
Copper ** #2 = — .000386, x =.00055. 


* From the experiments of Matthiessen and Vogt, “‘ Phil. Trans. R. S.’’ v. 154. 
+ Hard-drawn. 
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TABLES 401 (continued) -402, 329 


TABLE 401, —Conducting Power of Alloys. 


Group 3. 


Weight % | Volume % Variation per 100° C, 


a X 108 5X 10° 
of first named. Observed. |Calculated. 


Gold-coppert . . .| 99.23 98.36 35-42 2650 46 5° 21.87 23.22 
ee Whe © [i O55. $1.66 10.16 749 I 7.41 7.53 
Gold-silver +. . 87.95 79.86 13.46 1090 793 10.09 9.65 
: emer ct |r o7 295 79.86 13.61 1140 1160 10.21 9.59 
as Sereiee ts a 3) 64.80 52.08 9.48 673 246 6.49 6.58 
Se as 1a) =|, OA200 52.08 9.51 721 495 6.71 6.42 
we mah Lake 31.33 19.86 13.69 885 53k 8.2 8.62 
4 en is 31.33 19.86 13.73 go8 641 8.44 8.31 
Soldcoppert . . -| 34.83 19.17 12.94 864 570 8.07 8.18 
: a Cae 1.52 0.71 53-02 3320 7300 25.90 25-86 
Platinum-silvert . -| 33-33 19.65 4.22 330 208 3-10 3.21 
fi mtanS: « 9.31 5-05 11.38 774 656 7.08 7.25 
bi ee ay 5-00 2.51 19.96 1240 1150 11.29 11.88 
Palladium-silver t . .| 25.00 23.28 5-38 324 154 3-40 4.21 
Copper-silvert .°. .| 98.08 98.35.| 56.49 3450 7990 26.50 27.30 
4 “ ft . + +} 94.40 GS-47 51-93 Seoe 940 25-57 25-41 
F et Tis 79.74 | 77-64 | 44.0 3030 6070 | 24.2 21.92 
ce ISS i 42.75 46.67 47.2 2870 5280 22.75 24.00 
= on ae es 7.14 8.2 50.65 2750 4360 23.07 25.57 
s Do Wi hace 131 1.53 50.30 4120 8740 26.51 29-77 
Tron-gold{ .. . .| 13-59 27-93 1.73 3490 7010 27.92 14.70 
SS ce a 9.80 21.18 1.26 2970 1220 17-55 11.20 
Sf Wiesel se. v's 4.76 10.96 1.46 487 103 3.54 13.40 
Iron-copperf .. - 0.40 0.46 24.51 1550 2090 13-44 14.03 
Phosphorus-copper ¢ . 2.50 - 4.62 476 145 - - 
t cana as 0.95 - 14.91 1320 1640 - - 
Arsenic-coppert . . 5.40 - 3-97 516 989 - ~ 
4s ne hoe Sp 2.80 - 8.12 736 446 - = 
ad aire. | trace - 38.52 2640 4830 ~ - 
* Annealed. ¢t Hard-drawn. 


TABLE 402, — Allowable Carrying Capacity of Rubber-covered Copper Wires. 


(For inside wiring — Nat. Board Fire Underwriters’ Rules.) 


24 | 33 | 46 | 54 | 65 


500,000 circ. mills, 390 amp.; 1,000,000 c. m., 650 amp.; 2,000,000 c, m., 1,050 amp. For 
insulated al. wire, capacity —84% of cu. Preece gives as formula for fusion of bare wires 
I= ad?, where d =diam. in inches, a for cu. is 10,244; al., 7585; pt., 5172; German silver, 
5230; platinoid, 4750; Fe, 3148; Pb., 1379; alloy 2 pts. Pb., 1 of Sn., 1318. 
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330 TABLE 403. 
RESISTIVITIES AT HICH AND LOW TEMPERATURES. 


The electrical resistivity (p, ohms per cm. cube) of good conductors depends greatly on chemical purity. Slight con- 
tamination even with metals of lov er p may greatly increase p. Solid solutions of good conductors generally have higher 
p than components. Reverse is true of bad conductors. In solid state allotropic and crystalline forms greatly mod- 
fy p. For liquid metals this last cause of variability disappears. The + temperature coefficients of pure eine is of 
the same order as the coefficients of expansion of gases. For temperature resistance (t, p) plot at low temperatures the 
graph is convex towards the axis of t and probably approaches tangency to it. However for extremely low temper. 
atures Ounes finds very sudden and great drops in p. e.g. for Mercury, P3.6K <4x10-!0 p, and for Sn., P3.9K <10-'p,, 


‘The t, p graph for an alloy may be nearly parallel to the t axis, cf. constantan ; for poor conductors p may decrease with 
increasing t. At the melting-points there are three types of behavior of good conductors: those about doubling p and 
then possessing nearly linear t, p graphs (Al., Cu., Sn., Au., Ag., Pb.); those where p suddenly increases and then the 
+ temp. coefficient is only approximately constant; (Hg., Na., K.); those about doubling p then having a -, slowly 
changing to a + temp. coef. (Zn., Cd.); those where p suddenly decreases and thereafter steadily increases (Sb., Bi.). 
‘The values from different authorities do not necessarily fit because of different samples of metals. The Shimank values 
(t given to tenths of ©) are for material of theoretical purity and are determined by the a rule (see his paper, also Nernst, 
Ann. d Phys. 36, p. 403, tg11 for temperature resistance thermometry). The Shimank and Pirrani values are originall 
given asratiostop,. (Ann. d. Phys. 45, p.706, 1914, 46, p. 176, 1915.) Resistivities are in ohms per cm. cube unless stated. 
Italicized figures indicate liquid state. 


Silver. 


0.014 -O0gI 
.016 +0103 
-028 -0178 
+163 +1035 
+249 -1580 
+567 +359 
+904 +573 

1.240 +786 
1.578 1.00 
2.28 1.44 
2.96 1.88 
5.08 3-22 
7.03 4.46 
9-42 5:97 

10,20 6.47 

21.30 13-5 

22.30 14.1 

23.86 15.1 

24.62 15.0 


Mercury. Potassium. Sodium. 


-200. 0.605 
-150. 1.455 
-100, 2.380 
50. 3-365 
oO. 4.40 
20. 4.873 


93-5 6.290 7 oO. 
100. 9.220 : 100. 


120, 9.724 . 200. 
140. 10.34 5 400. 


Constantan. 90% Pt. 10% Rh. 


Au. below 0°, Niccolai, Lincei Rend. (5), 16, Pp. 757; 906, 1907; above, Northrup, Jour. Franklin Inst. 177, p. 85, 1914. 
Cu. below, Niccolai, ils c. above, pane ditt, 177. p. 1,1914. Ag. below, Niccolai, ].c. above Northrup, ditto, 178, 
p. 85, rorg. Zn. below, Dewar, Fleming, Phil. Mag. 36, p. 271, 1893 ; above, Northrup, 175, p. 153, 1913. Hg. below 
Dewar, Fleming, Proc. Roy. Soc. 66, p. 76, 1900; above, Northrup, see Cd. K. below Guntz, Broniewski, C. R. 147, 
P- 1474, 1908, 148, p. 204, 1909. Above, Northrup, Tr. Am. Electroch. Soc. p. 185, 1911. Na, below, means, above, 
see K. Fe., Manganin, Constantan. Niccolai, l.c. German Silver, 90% Pt. 901% Rh., Dewar and Fleming — Phil. 
Mag. 36, p. 271, 1893. 
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TABLE 4033 (continued). 331° 
RESISTIVITIES AT HIGH AND LOW TEMPERATURES. 
(Ohms per cm. cube unless stated otherwise.) 


Bismuth. Cadmium. 


Carbon, Graphite.* Fused silica. Alundum cement. 


oC: in ohms, cm. cube. ; = megohms cm. 
P ’ p s 


Carbon Graphite 3 >200,000,000. 
0.0035 0.00080 bs 20,000,000, 
+0027 .00083 " 200,000, 
.0021 -00087 FE 30,000. 
-OO15 .00090 K 800. 
.OO1T .00 100 5 30. 
.0009 .OOLI i about 20. 


_ Pt. low, Nernst, |. c. high, Pirrani, Ber. Deutsch. Phys. Ges. 12, p. 305, Pb. low, Schimank, Nernst, 1. c. high. 
orthrup, see Zn. Bi. low, means, high, Northrup, see Zn. Cd. low, Euchen, Gehlhoff, Verh. Deutsch. Phys. Ges. 14, 
169, 1912, high, Northrup, see Zn. Sn. low, Dewar, Fleming, high, Northrup, see Zn. Carbon, graphite, Metallurg. 

Eng. 13, p. 23, 1915. Silica, Campbell, Nat. Phys. Lab. 11, p. 207, 1914. Alundum, Metallurg. Ch. Eng. 12, p. 


1914. 
* Diamond 1030° C, p >107; 1380°, 7.5 x 105, v. Wartenberg, 1912. 


TABLE 404,—Volume and Surface Resistivity of Solid Dielectrics. 


I he resistance between two conductors insulated by a solid dielectric depends both upon the surface resistance and 
: volume resistance of the insulator. The volume resistivity, p, is the resistance between two opposite faces of a cen- 


neter cube. The surface resistivity, 7, is the resistance between two opposite edges of a centimeter square of the 
urface, The surface resistivity usually varies through a wide range with the humidity, (Curtis, Bul. Bur. Standards, 
[f, 359, 1915, which see for discussion and data for many additional materials.) 


Wateral: a; megohms oa; megohms ao; megohms 


50% humidity. | 70% humidity. | co% humidity. Megohms-cms. 


ORE SS rr 6 X 108 2X 108 I xX 10° Sx 10 
Bmebeeswax, yellow. .... . 6 X 108 6 X 108 5 X 108 2 aioe 
Iyecelluloid . .... we, 5 X 10 2 X rot aimee 2 X 10+ 
Memegocr,red . . 2. 1. ww. 2% 108 3 X 103 2X 10 5 X 108 
Mumiass, plate. ....... 5 X 104 6 X I0 2x 10 2>5<¢ 10! 
| Memeeeavalicl «ws ow 4X 108 4 X 108 i <10® 8 X 10° 
)| Hardrubber, new . . 3X 10" I X 108 2 10° 1 ro" 

| Ivory . Se a ah ahd oS 5 X 108 rx 108 3 X Io 210" 

MeKhotinsky cement ..... 7X 108 3 x 108 5 X 10° 2 X 10° 

Meeearble, Italian . ..... 3 X 108 2:><ire* 2X 10 ae Cod 

- Mica, colorless alibi Sees 2 aula, 4 X 10° Bpcanioe 2X 1011 

Maran (parowax) .... . 9 X 109 7 CO 1e? 6 X 10° 1 X 1010 
@rorcelain,unglazed. . .. . 6 X 108 Fe loe BEG te Sle Meu 
Mumeariz,fused . ...... 3 X 108 ola fo 2 X 108 Dea ata 
Rosin. . 1p Ue ee ere 6 X 10° 2. ctoe 2 x 108 5 X 1010 

Meeelne wax! . . . 1... 2 X 10? 6 X 108 9 X 107 8 X 10° 

oko Oe 6 X 107 3 X 108 7X 108 1 x 101? 

ae 9 X Io 3 X Io je ah To, 1 X 10? 

Pree oe 7 X< 10? 4 X 10? ee Hee txt 

Wood, parafined mahogany 4 X 108 5 X 108 7 X 108 4 X 107 
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332 Tastes 405, 405A. 
TABLE 405.—Variation of Electrical Resistance of Glass and Porcelain with Temperature, 
The following table gives the values of a, 6, and c in the equation 
log R=a-+ 4+ c#, 


where & is the specific resistance expressed in ohms, that is, the resistance in ohms per centimeter of a rod ona 
square centimeter in cross section.* 


Kind of glass. Density. temp. 
Centigrade. 


Test-tube glass 
37-131 
Bohemian glass - : é .0000394| 60-174 


Lime glass (Japanese manufacture) . —.000021 10-85 


se e , —.00006 35-95 


Soda-lime glass (French flask) 00007 5 45-120 
Potash-soda lime glass_. a) ae .0000364 | 66-193 
Arsenic enamel flint glass . .000088 | 105-135 


Flint glass (Thomson’s electrometer 
jar) : 2 : . . : —.000009I | 100-200 


Porcelain (white evaporating dish) . : 68-290 


Number of specimen = 


Silica 5 s 61.3 43 70.05 
Potash . . 22.9 21.1 1.44 
Soda... : . | Lime, etc.| Lime, etc.| 14.32 
Lead oxide . : . | by diff. by diff. 2.70 
Dame sk Sats 15.8 16.7 10.33 
Magnesia 

Arsenic oxide 


Alumina, iron oxide, etc. 


* T. Gray, ‘* Phil. Mag.’’ 1880, and “* Proc. Roy. Soc.’’ 1882. 


TABLE 405a.— Temperature Resistance Coefficients of Glass, Porcelain and Quartz dr/dt. 


Temperature. 


Glass . 
Porcelain. 
Quartz. 


Somerville, Physical Review, 31, p. 261, 1910 
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TABLE 406. 333 
TABULAR COMPARISON OF WIRE GAGES. 


Stubs’ | (British) |,Bitmins- 


American} American . 
: . am w 
steel wire] standard h ire 


Gage wire gage| wire gage Steel wire} Steel wire 


zi gage* gage* : gage 
RE gS | UES || GE ec | ib 


mils. 


Lal | 


woh phuow ANNO 


OUVH AKANAS OEY 


~ 
mh 
War 


“ 
29o 
oo 


Ha ON QeH OK 


PAD OHH WOW DON OND 


Ww AAU UNI 6 


MH DPW SOA BEA AA HO% 


PEP MAMA UMAN AN CMO OO > 
OWA ORD HAO ROW CORA 


* The Steel Wire Gage is the same gage which has been known by the various names: “ Washburn and Moen,” “ Roeb- 
ling,” “American Steel and Wire Co.’s.” Its abbreviation should be written “Stl. W. G.,” to distinguish it from 
“S. W. G.,” the usual abbreviation for the (British) Standard Wire Gage. 

t The American Wire Gage sizes have been rounded off to the usual limits of commercial accuracy. They are given 
to four significant figures in Tables 410 to 413. They can be calculated with any desired accuracy, being based upon 
asimple mathematical law. The diameter of No. oo0o is defined as 0.4600 inch and of No. 36 as 0.0050 inch. The 


39! 460 
Tatio of any diameter to the diameter of the next greater number Vs = 1.1229322. 


vauaken from Circular No. 31. Copper Wire Tables, U.S. Bureau of Standards which contains more camplete 
tables. 
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334 TABLES 407-413. 
WIRE TABLES. . 
TABLE 407. — Introduction. Mass and Volume Resistivity of Copper and Aluminum. 


The following wire tables are abridged from those prepared by the Bureau of Standards at the 
request and with the codperation of the Standards Committee of the American Institute of Elec- 
trical Engineers (Circular No. 31 of the Bureau of Standards). The standard of copper resist- 
ance used is ‘“‘ The International Annealed Copper Standard” as adopted Sept. 5, 1913, by the 
International Electrotechnical Commission and represents the average commercial high-conduc- 
tivity copper for the purpose of electric conductors. This standard corresponds to a conductivity 
of 58. X1o- cgs. units, and a density of 8.89, at 20° C. . 

In the various units of mass resistivity and volume resistivity this may be stated as 


0.15328 ohm (meter, gram) at 20° C. 
875.20 ohms (mile, pound) at 20° C. 
1.7241 microhm-cm. at 20° C, 
0.67879 microhm inch at 20° C, 
10.371 ohms (mil, foot) at 20° C. 


The temperature coefficient for this particular resistivity is ag9 == 0.00393 OF ap = 0.00427. 
The temperature coefficient of copper is proportional to the conductivity, so that where the con- 
ductivity is known the temperature coefficient may be calculated, and vice-versa. Thus the next 
table shows the temperature coefficients of copper having various percentages of the standard con- 
ductivity. A consequence of this relation is that the change of vesést/vity per degree is constant, 
independent of the sample of copper and independent of the temperature of reference. This re- 
sistivity-temperature constant, for volume resistivity and Centigrade degrees, is 0.00681 michrom- 
cm., and for mass resistivity is 9.000597 ohm (meter, gram). 

_ The density of 8.89 grams per cubic centimeter at 20° C., is equivalent to 0.32117 pounds per 
cubic inch. 

The values in the following tables are for annealed copper of standard resistivity. The user of 
the tables must apply the proper correction for copper of other resistivity. Hard-drawn copper 
may be taken as about 2.7 per cent higher resistivity than annealed copper. 

The following is a fair average of the chemical content of commercial high conductivity copper: 


Cap peerccre coc tec 99.91% Sulphur..... «\610'6 O:0020, 
muitos a so deoan ee OR Enon fsercsoleveret cae .002 
Oxy retinas Aeonve6 052 Nickels rrr wears a race 
ATSENIG in. << Soonan e002 TG aCe eseteies ojatatetet= ae 
ATIEUMOMIY er sele > erctele OO ZAM Chereleretetere eter 


The following values are consistent with the data above: 


Conductivity at 0° C., in c.g.s. electromagnetic units ....... aloes a D200 paniome 
Resistivity at o° C., in michroms-cms, ............+ o Seneie «one. aa a 
Density, atiot Cccp waters caieteye s erepoio ke tsiatene Bearer tete tater erates APO OD cont 8.90 
Coefficient of limearexpansion| per degree Ce crn. ajsiteieiteteei se. © O.0O00KY 
“Constant mass ” temperature coefficient of resistance at 0° C. ..... 0.00427 


The aluminum tables are based on a figure for the conductivity published by the U.S. Bureau 
of Standards, which is the result of many thousands of determinations by the Aluminum Company 
of America. A volume resistivity of 2.828 michrom-cm., and a density of 2.70 may be considered 
to be good average values for commercial hard-drawn aluminum. These values give: 


Mass resistivity, in ohms (meter, gram) at 20° C............. 0.0764 
“ce “ 


1) Se(imilespound) fat coo Cen cies 436. 

Mass) per centiconductivitysn --trictisrritettoe ieieicteretenete axetil 200.7% 
Volume resistivity, in michrom-cm. at 20° C. ....2eeeee-2.2. 2.828 

- ss inumicrohm-=inchiat 20> (Cir wee wei eine ete 1.113 
Volume per cent conductivity ....... sfelelstersteielel at iemnetetieieeeets 61.0% 
Density, in grams per cubic centimeter............... So yaar 2.70 
Density, in pounds per cubic inch ......... sia) «/slesoiate Sieielstelorers ONC ES 

The average chemical content of commercial aluminum wire is 

Aluminum ..... AicbacuUDEA San sotpoaed dca minis a0 Ge(oun ps sisle.s onan 
SilicOmiprsnwterereienielsoleleicleise erate etre iseeter erate aieiotsarstelreitete he a hehe, 


| Og) NEBR AOC OGICIDO Cm Do OCICCMOn HC OOM AC OTIGO DDO OO = oni! 
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COPPER WIRE TABLES. 


TABLE 408, — Temperature Coefficients of Copper for Different Initial Temperatures (Centigrade) 
and Different Conductivities. 


Per cent 
conductivity. Q@is &20 


} Ohms 
‘” (meter. a 


95% 0.004 03 0.003 80 0.003 73 
96% .004 08 .003 85 .003 77 


07% .004 13 .003 89 .003 81 
97-3% .004 14 .003 90 .003 82 


98% .004 17 .003 93 .003 85 
909% .004 22 -003 97 .003 89 


100% .CO4 27 .004 OI .003 93 
101% .004 31 -004 05 .00 307 


Nore. — The fundamental relation between resistance and temperature is the following: 
Re= Re, (1+ a, [t— t,]), 


where at, is the “temperature coefficient,” and t, is the “initial temperature” or “temperature of reference.” 

The values of a in the above table exhibit the fact that the temperature coefficient of copper is proportional to the 
conductivity. The table was calculated by means of the following formula, which holds for any per cent conductivity, n, 
within commercial ranges, and for centigrade temperatures. (n is considered to be expressed decimally: e.g., ii per cent 
conductivity = 99 per cent, m = 0.99.) 

I 
Soca Wl so ey 
————— _ + (4,— 20) 
(0.00393) 


TABLE 409. — Reduction of Observations to Standard Temperature. (Copper.) 


y) Corrections to reduce Resistivity to 20° C. Factors to reduce Resistance to 20° C. 
Temper- F Temper- 
é = n . __ | For 96 per | For 98 per | For 100 per 
ature C. |Ohm oe Microhm Ohm (mile, ie cent con- cent con- cent con- ature C. 
; ; ductivity. | ductivity. | ductivity. 


1.0816 1.0834 1.0853 
1.0600 1.0613 1.0626 
1.0392 1.0401 1.0409 


1.0352 1.0359 1.0367 
I.031I 1.0318 1.0325 
1.0271 1.0277 1.0283 


1.0232 1.0237 1.0242 
T.01g2 1.0196 1.0200 
1.0553 1.0156 1.0160 


I.O114 1.0117 I.0TIQ 
1.0076 1.0078 1.0079 
1.0038 1.0039 1.0039 


+++ +++ +++ ++ 
+++ 44+ 444+ +++ 
+++ +++ 44+ ++ 


1.0000 1.0000 1.0000 
0.9962 c.9962 0.9961 
.GO25 9924 .9922 


.9888 .9886 .9883 
.o851 .9848 .9845 
.9815 -Q8I1 :9807 


.0779 0774 9770 
+9743 -9737 +9732 
9707 9701 -9695 


.9672 .9665 9658 
.9636 -9629 .9622 
9464 9454 9443 


.9298 .9285 -9271 
.9138 -Q122 -QIO5 
8083 8964 8945 


.8833 8812 .8791 
.8689 .8665 .8642 
8549 8523 8407 


8413 .8385 .8358 
8281 8252 8223 
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336 TaBie 410. ENGLISH. 
WIRE TABLE, STANDARD ANNEALED COPPER. 
American Wire Gage (B.&S.). English Units. 


Cross-Section at 20° C, Ohms per 1000 Feet.* 
Diameter 
In Wale: |. 7 helt nt ol) Lae es 5 a 
at 20° C. | Circular Mils. | Square Inches. (=72° F) (are8e F) oe: F) 
460.0 211 600. 0.1662 0.045 16 0.049 OI 0.054 79 
409.6 167 800. .1318 056.95 .061 80 .069 09 
304.8 133 100. 1045 .071 81 077 93 .087 12 
324.9 105 500. .082 89 090 55 .098 27 -1099 
289.3 83 690. 065 73 1142 +1239 1385 
257.0 66 370. 052 13 1440 1563 1747 
229.4 52 640. O41 34 .1816 .1970 .220 
204.3 41 740. .032 78 2289 2485 277 
181.9 33 100. .026 00 .2887 3133 +3502 
162.0 26 250. .020 62 +3640 +3951 .4416 
144.3 20 820. 016 35 * .4590 4982 5509 
128.5 16 510. O12 97 5788 .6282 7023 
114.4 13090. | .o10 28 7299 7921 8855 
101.9 10 380. 008 155 9203 .9989 DAUD, 
90.74 8234. .006 467 1.161 1.260 1.408 
80.81 6530. 005 129 1.463 1.588 1.775 
71.96 5178. 004 067 1.845 2.003 2.239 
64.08 4107. .003 225 2.327 Plsedey 2.823 
57-07 3257. .002 558 2.934 3.184 3-560 
50.82 3 , 002 028 3.700 4.016 4.489 
45.26 2048. .001 609 a 666 . 5.004 5-660 
40.30 1624. .0OI 276 5-883 6.385 7.138 
35.39 1288. .OOI O12 7.418 8.051 9.001 
31.96 1022. .000 802 3 9.355 10.15 Gigs 
28.45 810.1 .000 636 3 11.80 12.80 14.31 
25.35 642.4 .000 504 6 14.87 16.14 18.05 
22.57 509.5 .000 400 2 18.76 20.36 22.76 
20.10 404.0 .000 317 3 23.65 25.67 
17.90 320.4 .000 251 7 29.82 32.37 
15.94 254.1 000 199 6 37.61 40.81 
14.20 201. .000 158 3 47-42 51.47 
12.64 159. 000 125 § 59.80 64.90 
11.26 126.7 ,000 099 53 | 75.40 81.83 
10.03 100.5 000 078.94 | 95.08 103.2 4 
8.928 79.70 | .000 062 60 | 119.9 130.1 ‘ 
7.950 63.21 | .000049-64 | 151.2 164.1 ; 
rd 
7.080 §0.13 | .000 039 37 | 190.6 206.9 } 
6.305 39.75 | .000 031 22 | 240.4 260.9 ; 
5-615 31.52 | .00002476 | 303.1 329.0 4 
5.000 25.00 | .0o0o1g 64 | 382.2 414.8 ; 
4.453 19.83 | .00001557 | 482.0 523-1 ? 
3.965 15.72 | .000012 35 | 607.8 659.6 : 
4 
3.531 12.47 | .000 009 793 | 766.4 831.8 :| 
3.145 9.888 | .000 007 766 | 966.5 1049. 4 
* Resistance at the stated temperatures of a wire whose length is 1000 feet at 20° C, 


t 
| 
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ENGLISH. 


WIRE TASLE, STANDARD ANNEALED COPPER (continued). 
American Wire Gage (B. & S.). 


Diameter 
in Mils. 
at) 20° |G; 


460.0 
409.6 
364.8 


324.9 
289.3 
257-6 


220.4 
204.3 
181.9 


162.0 
144.3 
128.5 


114.4 
101.9 
90.74 


80.81 


71.96 
64.08 


* Length at 20° C, of a wire whose resistance is : ohm at the stated temperatures, 


Pounds 
per 
1000 Feet. 


640.5 
507-9 
402.8 


319-5 
253-3 
200.9 


159.3 
126.4 
100.2 


79.46 
63.02 


49.98 


39-63 
31.43 
24.92 


19-77 
15.68 


12.43 


9.858 
7.818 
6.200 


4.917 
3-899 
3.092 


2.452 
1.945 
1.542 


1.223 
0.9699 
7692 


.6100 
-4837 
+3836 


+3042 
2413 
1913 
.1517 
.1203 
095 42 
075 68 
-060 OI 
047 59 


.037 74 
029 93 
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TABLE 410 (continued). 


o2 .C 
(=32° F) 


22 140. 
17 560. 
13 930. 
II 040. 


8758. 
6946. 


5508. 
4308. 


3464. 


2747. 
2179. 
1728. 


1370. 
1087. 
861.7 


683.3 
541.9 
429.8 


340.8 
270.3 
214.3 


170.0 
134.8 
106.9 


84.78 
67.23 
53-32 


42.28 


33: 
aio 


21.09 
16.72 
13-26 


10.52 


8.341 
6.614 


5-245 
4.160 


3:299 


2.616 
2.075 
1.645 


1.305 
1.035 


English Units (continued). 


Feet per Ohm.* 


20° C 
(=68° F) 


20 400. 
16 180. 
12 830. 


Io 180. 
8070. 
6400. 


5975: 
4025. 
3192. 
2531. 
2007. 
1592. 


1262. 
1001. 


794.0 


629.6 
499-3 
396.0 


314.0 
249.0 
197-5 
156.6 
124.2 
98.50 


78.11 


61.95 
49.13 


38.96 
30.90 
24.50 


50° C 
(122° F) 


18 250. 


14 470. 
Ir 480. 


9103. 
7219. 
5725+ 


4540. 
3600. 


2855. 


* 2264. 
1796. 
1424. 


1129. 
895.6 
710.2 


563.2 
446.7 
354-2 


280.9 
222.8 


176.7 


140.1 
III.1 
88.11 


69.87 
55-41 
43.94 


34.85 
27.64 
21.92 


17.38 
13.78 
10.93 


8.669 
6.875 
5-452 


4.323 
3-429 
2.719 


2.156 
1.710 
1.356 


1.075 
0.8529 
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33 8 TABLE 419 (continued). ENGLISH. 
WIRE TABLE, STANDARD ANNEALED COPPER (continued). 
American Wire Gage (B. &S.). English Units (continued). 


. Ohms per Pound. Pounds per Ohm. 
Diameter |= os 5s eS ee eee 


in Mils 


o° G; 20° C. 50> Cy 20° C, 
(=92°-F 2) (= 68° F.) = n22- hi) (= 68° F.) 


0.000 070 51 0.000 076 52 0.000 085 54] 13070. 
.000 1121 .000 1217 000 1360 8219. 
.000 1783 000 1935 000 2163 5169. 


000 2835 ,000 3076 000 3439 3251. 
.000 4507 .000 4891 .000 5468 2044. 
.000 7166 .000 7778 .000 8695 1286, 


.OOI 140 .OOI 237 001 383 808.6 
O01 812 .0o1 966 .002 198 508.5 
.002 881 003 127 003 495 319.8 


* 004 581 004 972 005 558 201.1 
007 284 .007 905 008 838 126.5 
.OIT 58 O12 57 O14 05 79-55 


018 42 019 99 022 34 50.03 
.029 28 031 78 035 53 31.47 
.046 56 050 53 .056 49 19.79 


.074 04 080 35 .089 83 12.45 
1177 1278 1428 7.827 
1872 2032 2271 4.922 


.2976 .3230 3611 3.096 
-4733 5136 5742 1.947 
7525 5167 -9130 1.224 


1.197 1.299 1.452 0.7700 
1.903 2.005 2.308 4843 
3.025 3.283 3.670 «3046 


4.810 5.221 5836 IQI5 
7.649 8.301 9.280 1205 
12.16 13.20 14.76 .075 76 


19.34 20.99 23.46 .047 65 
30-75 33-37 37-31 1029 97 
48.89 53-00 59.32 018 85 


77-74 84.37 94.32 011 85 
123.6 134.2 150.0 .007 454 
196.6 213.3 238.5 .004 688 


312.5 339.2 379.2 002 948 
497.0 39-3 602.9 .OOI 854 
790.2 57.0 958.7 .OOI 166 


1256. 1364. 1524. 000 7333 
1998. 2168. 2424. .000 4612 


3177. 3448. 3854. 000 250 aa 


5osl. 5482 6128. .000 1824 | 


8032. WT 9744. .000 1147 
12 770. 13 860. 15 490. .000 072 15 | 


20 310. 22 040. 24 640. .000 048 38 | 
32 290. 35 040. 39 170. .000 028 54 
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- Metric. TABLE 411. 339 


WIRE TABLE, STANDARD ANNEALED COPPER. 
American Wire Gage (B. &S.) Metric Units. 


Ohms per Kilometer.* 
Diameter Cross Section 
in mm, in mm.? 
at 20° C, at, 20°7G; 


11.68 
10.40 
9.266 


*Resistance at the stated temperatures of a wire whose length is 1 kilometer at 20° C. 
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3 40 TABLE 411 (continued). Mitite. 
WIRE TABLE, STANDARD ANNEALED COPPER (continued). 
American Wire Gage (B. &S.) Metric Units (continued). 


* 
Diameter Kilograms Meters Meters per Om. 


in mm. per per 
at 20° C. Kilometer, Gram. 


Gage 
| N 


0,001 049 
O01 323 
,001 668 


002 103 
.002 652 
003 345 


004 217 
005 318 
.006 706 


.008 457 
.O10 66 


013 45 


016 96 
.021 38 
026 96 


.034 00 
.042 87 
054 06 


.068 16 


085 95 
1084 


.1367 
1723 
2173 


.2740 
3455 
4357 


+5494 
.6928 
.87 36 


1.102 
1.389 
1.752 


2.209 
2.785 
3.512 


4.429 
5.584 
7.042 


8.879 
11.20 
14,12 


17.80 
044 54 | 22.45 


* Length at 20° C. of a wire whose resistance is : ohm at the stated temperatures. 
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.% METRric. TABLE 411 (continued). 3 4 I 
WIRE TABLE, STANDARD ANNEALED COPPER (continued). 
American Wire Gage (B. &S.). Metric Units (continued). 


Diameter Ohms per Kilogram. Grams per Ohm. 
in mm. 


at 20° C. 20° C. 50° C. 20° C. 


11.68 0.000 168 7 0.000 188 6 | 5 928 000. 
10.40 : 000 268 2 .000 299 9 | 3 728 000. 
9.266 : 000 426 5 .000 476 8 | 2 344 000, 


8.252 : .000 678 2 .000 758 2 | I 474 000. 
7.348 : .0O0I 078 -OOI 206 927 300. 
6.544 : .OOI 715 .OOI 917 583 200, 


5.827 : .002 726 .003 048 366 800. 
5.189 A .004 335 .004 846 230 700. 
4.621 : .006 $93 .007 706 145 100, 


4.115 : -O10 96 O12 2 QI 230. 


3-665 d O17 43 O19 4 57 390. 
3.264 : .027 71 030 98 36 080. 


2.906 : .044 06 049 26 22 690. 
2.588 : -070 07 078 33 14 270. 
2.305 : -LII4 1245 8976. 
2.053 : 1771 .1980 56.45 


1.828 : 2817 -3149 3550. 
1.628 c 4479 .5007 2233. 


- OO CN ONO UW 


1.450 ‘ 7122 7961 1404. 
1.291 1.132 1.266 883.1 
1.150 1.801 2.013 555-4 


1.024 2.863 3.201 349.3 
0.9116 4.552 .089 219.7 
8118 7.238 .092 138.2 


-7230 II.51 12.87 86.88 
6438 18.30 20.46 54.64 
5733 29.10 32-53 34-30 


5106 46.27 1.73 21.61 


masea th 73-57 2.25 1359 
-4049 117.0 130.8 8.548 


.3606 186.0 207.9 5-376 
23200 295.8 330.6 3.381 
.2859 470.3 525-7 2.126 


.2546 747.8 836.0 1.337 
.2268 - 1189. 1329. 0.8410 
.2019 : 1891. 2114. 5289 


.1798 P 3006. 3361. 3326 
-1601 5 4780. 344. 2092 
1426 ; 7601. 497- 1316 


.1270 : 12090. 13510. | 082 74 
LEI : 19220. 21480. 052 04 
-1007 : 30560. 34160. 032 73 


089 69 - 48590. 54310. .020 58 


.079 87 ; 77260. 6360. O12 94 
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342 Taste 412.—~ALUMINUM WIRE TABLE. ENGLISH. 
Hard-Drawn Aluminum Wire at 20° C. (or, 68° F.). 


American Wire Gage (B. &S.). English Units. 


Cross Section. 


Diameter 
in Mils. Circular Square 
Mils. Inches. 


0.166 


32 
-105 


.0829 
.0657 
0521 


0413 
0328 
.0260 


.0206 
.O164 
-0130 


.0103 
008 15 
006 47 


.005 13 
.004 07 
.003 23 


-002 56 
.002 03 
-OO1 61 


.0o1 28 
.OOI OL 
.000 802 


.000 636 
000 505 
.000 400 


wn wn 


.000 317 
.000 252 
.000 200 


bw hy 


.000 158 
.000 126 


.000 099 5 


-000 078 9 
.000 062 6 
.000 049 6 


.000 039 4 
.000 031 2 
.000 024 8 


.000 O19 6 
.000 O15 6 
.000 O12 3 


SN hee eat lade 2 LON 
Ono 


mon 
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.000 009 79 
000 007 77 


Ohms 
per 
1000 Feet. 


Pounds 
per Ohm. 


0.0804 
101 
.128 


161 


oo! 38 
.000 868 


.000 546 
.000 343 
.000 216 


.000 136 
.000 085 4 
.000 0537 


.000 033 § 
.000 O21 2 
.000 O13 4 


.000 008 40 
000 005 28 


Metric. Taste 413.—ALUMINUM WIRE TABLE. 343 
Hard-Drawn Aluminum Wire at 20° C. 


American Wire Gage (B. &S.) Metric Units. 


Diameter Cross Section Ohms per Kilograms per Grams per Meters per 
in mm. in mm.? Kilometer. Kilometer, Ohm. Ohm. 


107. 0.264 289. I 100 000, 3790. 
85.0 mace ; 690 000. 3010. 
67.4 419 82. 434 000. 2380. 


53-5 529 : 273 000. 1890. 
42.4 ( : 172 000. 1500. 
33-6 : : 108 000, Igo. 


26.7 ‘ , 67 9Qoo. 943. 
21.2 3 : 42 700. 748. 
16.8 é ; 26 goo. 593: 


13.3 : 16 900. 470. 
10.5 d 5 10 600. 373: 
8.37 : : 6680. 296. 


6.63 : 4200. 235- 
2640. 186. 
1660. 148. 


1050. 7s 
657. 92.8 
413. 73-6 


260. 58.4 
164. 46.3 
103. 36.7 


64.7 29.1 
40.7 
25.6 


16.1 
10.1 


6.36 


4.00 
2.52 


1.58 


0.995 
-626 


+394 
.248 
156 
0979 
.0616 


.0387 
.0244 


0153 
.009 63 
.006 06 


.003 81 
.002 40 
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344 " TABLES 414-415. 


TABLE 414.—Ratio of Alternating to Direct Current Resistances for Copper Wires. 


This table gives the ratio of the resistance of straight copper wires with alternating currents of different fr i 
to the value of the resistance with direct currents. oe Meine 


Diameter of Frequency f = 


wire in 


* 


OHH 
Sug estes erHHE 


* 
Lal 


RHHH AHA a 
NHH * 
MmOoOnn Qutb i HH HH 


Re oe ee ee 
% 
Se 


Values between 1.000 and 1.001 are indicated by *1.0or. 4 ‘ 
The values are for wires having an assumed conductivity of 1.60 microhm-cms; for copper wires at room tempera- 


tures the values are slightly less than as given in table. 

The change of resistance of wire other than copper (iron wires excepted) may be calculated from the above table 
by taking it as proportional to d~/ ‘{/p.where d = diameter, f the frequency and p the resistivity. 

If a given wire be wound into a solenoid, its resistance, at a given frequency, will be greater than the values in the 
table, which apply to straight wires only. The resistance in this case is a complicated function of the pitch and radius 
of the winding, the frequency, and the diameter of the wire, and is found by experiment to be sometimes as much as 
twice the value for a straight wire. 


TABLE 415.— Maximum Diameter of Wires for High-frequency Alternating-to-direct-current | 
Resistance Ratio of 1.01. 


Frequency + 108... . 
Wave-length, meters 
Material. 


oOr45 
OI4I 
.O172 
0457 
1080 
Manganin 

Constantan 


°. 
Oo. 
°. 
°. 
°. 
°. 
°. 
O°. 
oO. 
Bic 


9999990000 


TOOTS ID0OD 
CO000000000 
C000000000 


TOSOSIOOOD 


.OO13I]o. 
.00187]o. .00132]0. . COTO8}o. 
.00418]o. .00295]0. .00241/0.00215]0. 00186] 0. 


Bureau of Standards Circular 74, Radio Instruments and Measurements, 1918. 
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TABLE 416. 34 5 
ELECTROCHEMICAL EQUIVALENTS. 


Every gram-ion involved in an electrolytic change requires the same number of coulombs or ampere-hours of elec- 
tricity per unit change of valency. This constant is 96.494 coulombs or 26.804 ampere-hours per gram-hour (a Fara- 
day) corresponding to an electrochemical equivalent for silver of o.corr1800 gram sec! amp. It is to be noted that 
the change of valence of the element from its state before to that after the electrolytic action should be considered. 
The valence of a free, uncombined element is to be considered aso. The same current will electrolyze “chemical 


equivalent” quantities per unit time. The valence is then 
lowing table is based on the atomic weights of 1917. 


Mg Coulombs 


per per 
coulomb. mg 


-682 
-72t 
- 164 
. 606 
-05 
.518 
-036 
- 4893 
- 468 

0.010459 

2.1473 

1.0736 

0.5368 

2.0789 

1.0304 


The electrochemical equivalent for silver is 0.corrr800 g sect amp t. 
For other elements the electrochemical equivalent = (atomic weight divi 


(1913). 


Grams 
per amp.- 
hour. 


9.3379 
1.3229 
©.4410 
0. 2646 
©. 1890. 


2.3717 Platinum... . 
“sé 


1.1858 

7-357 $ 
2.452 

0.037607 
7-7302 

3.8651 

1.9326 

7-484 

3-742 


Mg 


0.6081 
0.3045 
2.2027 


0.08291 
0.04145 


I.O115 
0.5057 
0.3372 
©. 4052 
1.1180 
0.2384 
©.615r 
9.3075 
0. 3387 


(See p. xxxvii.) ; 
by change oi valency) times 1/96404 


g/sec/amp. or g/coulomb. The equivalent for iodine has been determined at the Bureau of Standards as 0.0013150 


Coulombs 


per 
mg 


1.6444 
3.289 
4.933 


12.0602 
24.123 


0.9887 
1.0773 
2.966 
2.498 
©.89445 
4.195 
1.626 
3.252 
2.952 


For a unit change of valency for the diatomic gases Brz, Cle, F2, Hz, Nz and O: there are required 
8.619 coulombs/cm? o° C, 76 cm (0.1160 cm3/coulomb) 
2.304 ampere-hours//, o° C, 76 cm (0.4177 //ampere-hour). 


Nore. — The change of valency for Os is usually 2, etc. 
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in the “chemically equivalent” quantity. The fol- 


Grams 


per amp.- 
hour. 


. 1892 
-0946 
- 7298 


BHD OD RHN®OOOKD 


346 Tastes 417, 418. 
CONDUCTIVITY OF ELECTROLYTIC SOLUTIONS. 


This subject has occupied the attention of a considerable number of eminent workers in’ 
molecular physics, and a few results are here tabulated. It has seemed better to confine the 
examples to the work of one experimenter, and the tables are quoted from a paper by F, Kohl- 
rausch,* who has been one of the most reliable and successful workers in this field. 

The study of electrolytic conductivity, especially in the case of very dilute solutions, has fur- 
nished material for generalizations, which may to some extent help in the formations of a sound 
theory of the mechanism of such conduction. If the solutions are made such that per unit 
volume of the solvent medium there are contained amounts of the salt proportional to its electro- 
chemical equivalent, some simple relations become apparent. The solutions used by Kohlrausch 
were therefore made by taking numbers of grams of the pure salts proportional to their elec- 
trochemical equivalent, and using a liter of water as the standard of quantity of the solvent. Tak- 
ing the electrochemical equivalent number as the chemical equivalent or atomic weight divided 
by the valence, and using this number of grams to the liter of water, we get what is called 
the normal or gram molecule per liter solution. In the table, # is used to represent the 
number of gram molecules to the liter of water in the solution for which the conductivities 
are tabulated. The conductivities were obtained by measuring the resistance of a cell filled with 
the solution by means of a Wheatstone bridge alternating current and telephone arrangement. 
The results are for 18° C., and relative to mercury at 0° C., the cell having been standardized by 
filling with mercury and measuring the resistance. They are supposed to be accurate to within 
one per cent of the true value. 

The tabular numbers were obtained from the measurements in the following manner : — 

Let A,, conductivity of the solution at 18° C. relative to mercury at 0° C. 

KY, = conductivity of the solvent water at 18° C. relative to mercury at 0° C. 

Then A,, — {, = 4,, = conductivity of the electrolyte in the solution measured. 
oe == conductivity of the electrolyte in the solution per molecule, or the “specific 
molecular conductivity.” 


TABLE 417,.—Value of %,; for a few Electrolytes. 


This short table illustrates the apparent law that the conductivity in very dilute solutions is proportional to the 
amount of salt dissolved. 


AgNO; KC,H,0> K,SO, 


0.00001 1.080 0.939 1.275 


0.00002 2.146 1.886 2.532 
0.00006 6.462 5.610 7.524 
0.0001 10.78 9-34 12.49 


TABLE 418, —Electro-Chemical Equivalents and Normal Solutions. 


The following table of the electro-chemical equivalent numbers and the densities of approximately normal solutions 
of the salts quoted in Table 419 may be convenient. They represent grams per cubic centimeter of the solution 
at the temperature given. 


Salt dissolved. te peck Density. | Salt dissolved. oS m Essie Density. 


IC lian : 2 <2SO4 . 87.16 
NEA CIT : : 6 ag: out 71-09 
NaCl er ven rs 8. : : 25 - |} 55-09 
LC loess : x S =) (COs 
AbaGh é : : . | 80.58 
s2nClg . : 4 4 >|) 79:9 
ae Aah eer : : 69.17 
KNOg = . : : : ‘ - | 53-04 
NaNOg . . dl : . Ee ee) 50227 
AgNOs3 . . | 169.9 : Sl) Seloni 
4Ba(NOsg)eo - ; } 425 |) eats: 
REIOst iS ca Ole 5 ; - | 49.06 
KC2H 302 ; 


* “ Wied. Ann,”’ vol. 26, pp. 161-226, 1885. 
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SPECIFIC MOLECULAR CONDUCTIVITY »: MERCURY=10%. 


late teat 3 


* Acids and alkaline salts show peculiar irregularities. 
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348 TaBLes 420, 421. 
LIMITING VALUES OF vy. TEMPERATURE COEFFICIENTS. 


TABLE 420.— Limiting Values of p. 


This table shows limiting values of p» = 2 .108 for infinite dilution for reutral salts, calculated from Table 271. 


4BaCle | MgSO, . 4+H2SO4 
$KClOg 4NagSOq . F 
4BaNo0¢ $ZnCl . . HNOs;. . 
CuSO, INaGl aa. 2HsPO, 
AgNOz NaNOzs . 


4ZnSO4 K.C2H302 940 4NaeCOz = 


If the quantities in Table 420 be represented by curves, it appears that the values of the 
specific molecular conductivities tend toward a limiting value as the solution is made 
more and more dilute. Although these values are of the same order of magnitude, they ~ 
are not equal, but depend on the nature of both the ions forming the electrolyte. 

When the numbers in Table 421 are multiplied by Hittorf’s constant, or 0.00011, quan- 
tities ranging between 0.14 and 0.10 are obtained which represent the velocities in milli- 
metres per second of the ions when the electromotive force gradient is one volt per 
millimetre. 

Specific molecular conductivities in general become less as the concentration is in- 
creased, which may be due to mutual interference. The decrease is not the same for 
different salts, but becomes much more rapid in salts of high valence. 

Salts having acid or alkaline reactions show marked differences. They have small 
specific molecular conductivity in very dilute solutions, but as the concentration is in- 
creased the conductivity rises, reaches a maximum and again falls off. Kohlrausch does 
not believe that this can be explained by impurities. HgPO, in dilute solution seems to 
approach a monobasic acid, while HeSOz shows two maxima, and like HgPO4 approaches 
in very weak solution to a monobasic acid. 

Kohlrausch concludes that the law of independent migration of the ions in media like 


water is sustained. 


TABLE 421.— Temperature Coefficients. 


The temperature coefficient in general diminishes with dilution, and for very dilute solutions appears to approach a 
omen yall The following table gives the temperature coefficient for solutions containing 0.01 gram mole- 
cule of the salt. 


4KeSO4_ -} 3K2COs 

KNOs . 4NaeSO4 . 4+NaeCOs 
NaNOz. SLigSO4 

KOH . 

AgNOs. .| ©. 4MgSO, HCE te 

HNOs. 

4Ba(NOs)e -02 4ZnSOs . 4He2SO4 


KCl1O3. .- 4CuSO,4 


#H2SO,4 
KCo2H302 .| 0. - for 7 = .oo1 
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THE EQUIVALENT CONDUCTIVITY OF SALTS, ACIDS AND BASES IN 
AQUEOUS SOLUTIONS. 


In the following table the equivalent conductance is expressed in reciprocal ohms. The con- 
centration is expressed in milli-equivalents of solute per litre of solution at the temperature to which 
the conductance refers. (In the cases of potassium hydrogen sulphate and phosphoric acid the 
concentration is expressed in milli-formula-weights of solute, KHSO, or H3POx, per liter of solu- 
tion, and the values are correspondingly the modal, or “‘ formal,” conductances.) Except in the 
cases of the strong acids the conductance of the water was subtracted, and for sodium acetate, 
ammonium acetate and ammonium chloride the values have been corrected for the hydrolysis of 
the salts. The atomic weights used were those of the International Commission for 1905, referred 
to oxygen as 16.00. Temperatures are on the hydrogen gas scale. 


gram equivalents 
1000 liter 
reciprocal ohms per centimeter cube _ 
gram equivalents per cubic centimeter 


Concentration in 


Equivalent conductance in 


Equivalent conductance at the following °C temperatures. 
Substance. 


75° 128° | 156° | 218° 

Potassium chloride . (152.1)|(232.5)|(321.5) (519) 825 
“ “s 5 2 146.4} —- - 

141.5 | 2 


F 129.0 
Sodium chloride. . - 
“ce “ 


Tu 
to 
tN 
to 


470 


_ 


Nols 
Dt Fel ntl dure bl Ji Ck fal ak Tage Ca gle ge a Led SUL el il Fg (Sea et Vl ome el tee i= 


wn 
to 


oO 
_ 
LE ee SL eee 
un 


“a 
iT) 


“ 


“cc 


fal ele! ei! il et Ol dG at ela Ge ce Fol eet ee cat 


LE Timi Psd Jol Fal Wc et fia ial Bet (iat Pact Pam 5} gt Umma 


From the investigations of Noyes, Melcher, Cooper, Eastman and Kato; Journal of the American Chemical Society, 
3°, P+ 335, 1908. 
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350 TABLE 422 (continued). 


THE EQUIVALENT CONDUCTIVITY OF SALTS, ACIDS AND BASES IN 
AQUEOUS SOLUTIONS. 


Equivalent conductance at the following ° C temperatures. 
Substance. 
25° 50° 75° | 1009} 128° | 156° | 218° | 281° 


Barium nitrate. . 840 
‘ 


“ 


536 
41 


412 
372 


715 
605 
537 
455 
415 


1085 
1048 
1016 
946 
oe ee ta tS 929 
INTEDICFACTC tes Merecarel hs : 1047 
ee it A s, 1012 
978 
917 
880 
1176 
536 
481 
448 
a a 435 

Potassium hydrogen ; ; is 
sulphate |.) awe : 477 


Phosphoric acid . 


“ “ 


Potassium sulphate . 


fe ete PT ee ae 
fee eee Ws (ect Vee (ey Jeet Vier Vea Vel [Se Dat fa Ld 
Peale th Sa a et ante 


Acetic acid . 


sé “cc 


“ 


a 


iS) ty 
Ww ,~_um 
aAla 
NS 
{e) 
a= 


Ammonium hydrox- 
ide . Sac 


* These values are at the concentration 80.0. 
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-_ TABLE 423. Bt 


THE EQUIVALENT CONDUCTIVITY OF SOME ADDITIONAL SALTS IN 
AQUEOUS SOLUTION. 


Conditions similar to those of the preceding table except that the atomic weights for 1908 were used. 


Equivalent conductance at the following ° C temperature. 
Concen- 
BABOR ha 18° 128° 156° 


Substance. 


Potassium nitrate. . . 191 | )220;3 : 485. | 580 
: (aaeNe : 122.5 : : 23 |) 400-7) | S551 
117.2 , ‘ -5 | 435-4 | 520.4 
109.7 L : 26.1 | 402.9 | 476.1 
104.5 : : 5 | 379-5 | 447-3 
127.6 ‘ [ 5301058 
119.9 : 5 : 3 | 489.1 | 587 
I | 438.8 
383-8 
SS aes 
321.9 
474 
438.4 
6 | 394-5 
343 
315.1 
288 


Barium ferrocyanide . 
“ “6 


“ “cc 


Calcium ferrocyanide 
‘ “cc 


From the investigations of Noyes and Johnston, Journal of the American Chemical Society, 31, p. 287, 1909. 
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352 TABLES 424, 425. 
CONDUCTANCE OF IONS.—HYDROLYSIS OF AMMONIUM ACETATE. 


TABLE 424, —The Equivalent Conductance of the Separate Ions. 


From Johnson, Journ. Amer. Chem. Soc., 31, p- 1010, 1909+ 


TABLE 425, —Hydrolysis of Ammonium Acetate and Ionization of Water. 


Hydrogen-ion concen- 
tration in pure water. 
Equivalents per liter. 


Percentage Ionization constant 
hydrolysis. of water. 


| Temperature. 


Ky X10! CyX 107 


0.089 0.30 
0.46 0.68 


0.82 0.91 


48. 6.9 
14.9 
461. 2s 


13.0 


Noyes, Kato, Kanolt, Sosman, No. 63 Publ. Carnegie Inst., Washington. 
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TABLES 426, 427. a 
DIELECTRIC STRENGTH. 
TABLE 426, — Steady Potential Difference in Volts required to produce a Spark in Air with Ball Electrodes, 


R=o0. 
Points. 


R=0., 
re 


R=1cm. R=2cm. ates 


Based on the results of Baille, Bichat-Blondot, Freyburg, Liebig, Macfarlane, Orgler, Paschen, Quincke, de la Rue, 
~ Wolff. For spark lengths from 1 to 200 wave-lengths of sodium light, see Earhart, Phys. Rev. 15, p. 163; Hobbs, 
Phil. Mag. 10, p. 607, 1905. 


TABLE 427, — Alternating Current Potentials required to produce a Spark in Air with various Ball Elec~- 
trodes. 


The potentials given are the maxima of the alternating waves used. Frequency, 33 cycles per 
second. 


Based upon the results of Kawalski, Phil. Mag. 18, p. 699, 1909. 
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354 TaBLes 428, 429. 
DIELECTRIC STRENGTH. 
TABLE 428, — Potential Necessary to produce a Spark in Air between more widely Separated Electrodes, 


Steady potentials. Steady potentials. 


Alter- 


Alter- 
nating current. 


nating current. 


Ball electrodes. Cup electrodes. Ball electrodes. 


Projection, 


Spark length, cm. 
Spark length, cm. 


Dull points. 


R=2.5 cm. 


Dull points. 


4.5mm. | 1.5mm. 


- - 11280 
17620 ~ 17420 
23050 - 22950 
31390 | 31400] 31260 
30810 - 36700 
44310 = 44510 
50000 | 565c0} 56530 
65180 - 68720 
71200 80400 | 81140 
7 5390 <A 92400 
78000 | 101700 | 103800 
81540 - 114600 
83800 - 126500 

a re 135700 


ey 

19 
8 
fe) 


This table for longer spark lengths contains the results of Voege, Ann. der Phys. 14, 1904, using alternating current 
and ‘‘dull point’’ electrodes, and the results with steady potential found in the recent very careful work of C. Mii} 
ler, Ann, d. Phys. 28, p. 585, 1909. 


So es The specially constructed elec- 

aac trodes for the columns headed 

: | ‘cup electrodes”’ had the form of 

\ : a projecting knob 3 cm. in diame- 
Hi — 4 


: ; ter and having a height of 4.5 mm. 
'€— 22cm — 3: and 1.5 mm. respectively, attached 
: —— : to the plane face of the electrodes. 
‘/_@om> \: These electrodes give a very satis- 
| factory linear relation between the 
spark lengths and the voltage 
throughout the range studied. 


TABLE 429, — Effect of the Pressure of the Gas on the Dielectric Strength. 
Voltages are given for different spark lengths Z. 


Pressure. 7=0.20 7Z=o 30 7=0.40 7=0.50 


744 939 T1I0 
1015 1350 1645 
1290 1740 2140 
1840 2450 3015 


2460 3300 4080 
3500 4800 6000 
4505 6270 7870 
5475 | 7650 | 9620 


6375 8950 | 11290 
7245 | 10210 | 12950 
8200 | 11570 | 14650 


This table is based upon the results of Orgler, 1899. See this paper for work on other gases (or Landolt-Bérnstein- 


Meyerhoffer). , ‘ * : 
For long spark lengths in various gases see Voege, Electrotechn, Z. 28, 1907, For dielectric strength of air and CO, 


in cylindrical air condensers, see Wien, Ann, d. Phys. 29, p. 679, 1909. 
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TaBLEes 430, 431. 


DIELECTRIC STRENGTH. 


TABLE 430. — Dielectric Strength of Materials. 


Potential necessary for puncture expressed in kilovolts per centimeter thickness of the dielectric, 


Substance. 


Ebonite 4 
Empire cloth . 

4 paper . 
Fibre 


Fuller board .. 
nS i 
Granite (fused) 

Guttapercha. : 
Impregnated jute . 


Leatheroid : 
Linen, varnished . 
Liquid:air .. 
Mica: Thickness. 
Madras o.1 mm. 
a 1.0 
Bengal 0.1 
Ss 1.0 
Canada o.1 
a 1.0 
South America . 
Micanite . . 


Kilovolts 
per cm 


300-1100 
80-300 
45° 
20 
200-300 
300-1 500 


Substance. 


Oils: 
Castor 


“ 


Cottonseed. . 
Lard 
“ 


Linseed, raw 
“ “éc 


Lubricating . 
Neatsfoot 
“6 


Olive 
it} 
Paraffin 
“c 
Sperm, mineral 
“a “cc 


natural 


se oc 


Turpentine 


“ 


| 0.2 


1 1.0 


Kilovolts 
per cm. 


' Thickness 
0.2 mm. 


ity 


1.0 


+ 0.2 


1.0 
0.2 


| 1.0 
i 0.2 


1.0 
0.2 
1.0 
1.0 
0.2 


1.0 
0.2 


0.2 
1.0 
0.2 
1.0 


Kilovolts 


Substance. per cm. 


Papers: 
Beeswaxed . 770 
Blotting . 150 
Manilla. es 25 
Paraftined 500 
Varnished 100-250 

Paraffine : 
Melted 


Melt point. 


75 
35° 


Presspaper. 
Rubber . 
Vaseline. 
Thickness. 
0.2 mm. 
TOls is 


Xylene 


6 


TABLE 431. — Potentials in Volts to Produce a Spark in Kerosene. 


Spark length. 
mm. 


Determinations of the dielectric strength of the same substance by different observers do not agree well 


Electrodes Balls of Diam. d. 


cussion of the sources of error see Moscicki, Electrotechn. Z. 25, 1904. _ : 
For more detailed information on the dependence of the sparking distance in oils as a function of the nature of the 
electrodes, see Edmondson, Phys. Review 6, p. 65, 1898. ‘ 
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356 TABLES 432, 433. 
DIELECTRIC CONSTANTS. 
TABLE 432. — Dielectric Oonstant (Specific Inductive Capacity) of Gases. 
Atmospheric Pressure. 
Wave-lengths of the measuring current greater than 10000 cm. 


Dielectric constant 
referred to 


Authority. 
Vacuum=1 Air=r 


AIT 7s ey tter een eee Te 1.000590 | 1.000000 | Boltzmann, 1875. 
its hduinkiap arene ical 1.000586 | 1.000000 | Klementit, 1835. 


AMMOU Ney a4 ee 1.00718 | 1.00659 | Badeker, rgot. 


Carbon bisulphide .. . 1.00290 phe Klementié. 
“ = 3 1.00239 | 1.00180 | Badeker. 


Carbon dioxide . ...))- 1.000946 | 1.000356 | Boltzmann, 
Are EPs Yo 1.000985 | 1.000399 | Klemen¢éié. 


Carbon monoxide. . . . 1.000690 | 1.000100 | Boltzmann. 
ss are yer Sag 1.000695 | 1.000109 | Klementié. 


Ethylene is st oar e emcee 1.00131 | 1.00072 | Boltzmann. 
e 4H 6 1.00146 | 1.00087 | Klemenéié. 


Hydrochloricacid .. . 1.00258 | 1.00199 | Badeker. 


Hydrogen ..... 1.000264 | 0.999674 | Boltzmann. 
Ue Mane cs fh. Ve 5 1.000264 | 0.999678 | KlemenZit. 


Methane . sieleeu came 1.000944 | 1.000354 | Boltzmann. 
af 3 6 1.000953 | 1.000367 | Klementit. 


Nitrous oxide (N20) . . 1.00116 1.00057 Boltzmann, 
sd “ Deh cui 1.00099 | 1.00041 | Klementit. 


Sulphur dioxide .... 1.00993 _| 1.00934 | Badeker. 
cs Pe sci cy shal 1.00905 | 1.00846 | Klementié. 


Water vapor, 4 atmospheres | 145 | 1.00705 | 1.00646 | Badeker. 


TABLE 433, —Variation of the Dielectric Constant with the Temperature. 


For variation with the pressure see next table. 


If Dg=the dielectric constant at the temperature 6° C., Dz at the tempera- 
ture f° C., and a and 8 are quantities given in the following table, then 


De= Di (i — a(¢— 8) + B(¢— 4)?]. 
The temperature coefficients are due to Badeker. 


Range of 
Gas. temp. °C. 


Ammonia . . | 5.45 X 1078 | 2.59 X ro“? | 1o— 110 


Sulphur dioxide | 6.19 X 107 | 1.86 X 10-7 | O—1IIO 


Water vapor . 1.4 X ro7# - 145 


The dielectric constant of air at atmospheric pressure but with varying tem~- 
perature may also be calculated from the fact that ) —1 is approximately pro- 
portional to the density. 
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g DIELECTRIC CONSTANTS (continued). 
TABLE 434. —Change of the Dielectric Constant of Gases with the Pressure, 


Temper- | Pressure} Dielectric 
ature,° C.| atmos. constant. 


Authority. 


1.0108 
1.0218 
1.0330 
1.0439 
1.0548 
I.OIO1 
1.0196 
1.0294 
1.0387 
1.0482 
1.0579 
1.0674 
1.0760 
1.0845 
1.008 
1.020 
1.060 ¢ 
1.010 
1.025 
1.070 


Carbon dioxide . 
“ “ 


~ 
wm 


“ “ce 


Nitrous oxide, N2O 
“ce “ee 


ity 


_ 
un 


TABLE 435. — Dielectric Constants of Liquids. 


A wave-length greater than 10000 centimeters is denoted by 0. 


Wave- 
Substance. C. | length, 
cm. 


Wave- 


Substance. * ‘length Dielectric 
: cm. 


? | constant. 


Dielectric | 


> 
constant. ™ 


* 
io} 
£ 
s 
S 
< 


Alcohol: Alcohol : 
Amyl . . Methyl : 45.3 
“ec “ 3 X 35.0 
eee 31.2 
6c " 33.2 
Propyl . 40.2 
> 33-7 
24.8 
22.2 
: 12, 
PNT ON Ae 33: 
e : ; 26.6 
A Tat a 21.85 

Ji eae 20.7 
Acetic acid 9.7 
“ “ 10.3 


« Jo =e sce) ewe =) Se 2 


“ 66 4 e 7 .07 
“ 66 ps 6.29 
Amy] acetate 4.81 
Amylene . 2.20 


OO NN QDON OUUD HH DD ee 


re BhWW NN Ss Fee eR D DS ee ee 
al 


References on page 358. 
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3 58 TABLE 435 (continued). 
DIELECTRIC CONSTANTS OF LIQUIDS. 
A wave-length greater than 10000 centimeters is desiguated by oo. 


| Wave- : | T 
Substance. C length P|. Substance, ocr 


| (frozen) 
Aniline; fay aon 00 : Nitrobenzol. . . 9.9 
Benzol (benzene) . ; : , 42.0 
m it . «, ge 41.0 
Bromine... . 3. . : 37:8 
Carbon bisulphide ‘ ai* je hes 35-1 
“ “ , ‘ 36.45 
Chloroform. . . : . 34-0 
. : : Octane. jee. ue 1.949 
Decanes iy 2.) 4 Oils : 
Decylene .. . : Almond . a 2.83 
Ethyl ether . : 5 Castor . be". 4.67 
se aa. : Colza yeeiarnee 3.11 
Cottonseed . . 3.10 
JECMON orate sanite 2.25 
Linseed). 454. S45 
Neatsfoot. : 3.02 
Olive 2 en tee SH 
Reanutanaesemae 3:03 
Petroleum 3) 2 2503 
Petroleum ether 1.92 
Rape seed . . 2.85 
DCSAMIC am eer ne 3.02 
Sperniyaeae 3:17 
Turpentine . . 2.23 
Vaseline . . . 2517; 
Phenol” siete ae 9.68 
Toluene ; - 2.51 
Fi ecb: 2.33 

me Slaton 2.31 
Meta-xylene. . . 2.37% 


6 “ tae 2.37 


4 
2 
6 
2 
6 
2 


~ 
ein 


Hexane . None 
Hydrogen Pe 


ide 46% in HyO NViater ge 81.07 


for temp. coeff. 80.6 
see Table 344. 81.7 
83.6 


Leal 
™N 


Abegg-Seitz, 1899. 1o Landolt-Jahn, 1892. 18 HasenGhrl, 1896. 
Drude, 1896. 11 Turner, 1900. 19 Arons-Rubens, 1892. 
Marx, 1898. 12 Schlundt. 20 Hopkinson, 1881. 
Lampa, 1896. 13 Tangl, 1903. 21 Salvioni, 1888. 
Abegg, 1897. 14 Coolidge, 1899. 22 Tomaszewski, 1888. 
Thwing, 1894. 15 v. Lang, 1896. 23 Heinke, 1896. 
Drude, 1898. 16 Nernst, 1894. 24 Marx. 

Francke, 1893. 17 Calvert, 1900. 25 Fuchs. 

9 Lowe, 1898. 


OM Auf WN 


Addenda to Table 440, p. 361, Dielectric Constant of Rochelle Salt: 


. The polarization of the Rochelle salt dielectric in an electric field is somewhat analagous to the behavior of the mag- 


netization of iron in a magnetic field, showing both saturation and hysteresis. The dielectric constant D depends on 
the initial and final fields and the hysteresis. 


Initial field, 765 v/cm.; Final field, 690 v/cem.; Average D (23° C), 40 


765 153 205 
765 —=705 157 
° 880 86 


The last value may be fair value for ordinary purposes. The electrodes were tinfoil attached with shellac. The field 
was applied Perpendicular to the a axis. Like piezoelectric properties, the dielectric constant varies with different 
crystals. It depends on the temperature as follows: (field o to 880 v/cm) 


—70° C, D = 12; —40°, 14; —20°, 48; 0% 174; +20°, 88; + 30% 52. 
(Data from Valesek, University of Minnesota, 192:.) 
SMITHSONIAN TABLES, 


TABLE 436, 


Substance. 


Amyl acetate. 
Aniline . 
Benzene. 4 
Carbon bisulphide : 


Chloroform 
Ethylether . . 
Methyl alcohol . 


Oils : 


Almond 


Castor. 
Olive ‘ 
Parafiine . 


Toluene , 
“ 


Water 
“é 


Meta-xylene fe 


TABLES 436, 437. 
DIELECTRIC CONSTANTS OF LIQUIDS (continued). 


0.0024 
0.00351 
0.00106 
0.000966 
0.000922 
0.00410 
0.00459 
0.0057 
0.00163 
0.01067 
0.00364 
0.0007 38 
0.000921 
0.000977 
0.004474 
0.004583 
0.004 36 
0.000817 


Tem 
range, 


heel 


Eb 


— Temperature Coefficients of the Formula: 
Dge= D,[1—a(¢— 6)+ B(¢ — 6)?]. 


Authority. 


0.0000087 


0.00000060 
0.00001 5 


0.000026 


0.000007 2 


0.00000046 


0.00001 17 


Lowe. 
Katz. 
Hasenohrl. 
Ratz. 


Tangl. 


Ratz. 

Drude. 
Hasenohril. 
Heinke, 1896. 


Hasenohrl. 
Ratz. 
Tangl. 
Heerwagen. 
Drude. 
Coolidge. 
Tangl. 


(See Table 433 for the signification of the letters.) 


TABLE 437,—Dielectric Constants of Liquefied Gases, 


A wave-length greater than 10000 centimeters is designated by oo. 


Substance. 


Air. 
“ee 4 
Ammonia . 
“ 


Carbon dioxide . 


Cyanogen . : 
Hydrocyanic acid 
Hydrogen ae 


Wave- 
length cm, 


ST asT 
eR rrr RR raw 8 


I v. Pirani, 1903. 
2 Bahn-Kiebitz, 1904. 


3 Goodwin-Thompson, 1899. 
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Dial. 
constant. 


Substance. 


Dial. 


constant. 


Nitrous oxide 
N20 
‘ 


WbWN eH | Authority. 


Oxygen 


Critical. 


4 Coolidge, 1899. 
5 Linde, 1895. 


6 Eversheim, 1904. 


Sulphur dioxide . 


7 Schlundt-. 1gor. 
8 HasenGhrl, 1900. 


9 Fleming-Dewar, 1896. 


| Authority. 


360 


TABLE 438, — Standard Solutions for the Calibration of Apparatus for the Measuring of Dielectric Constants. 


TaBi.es438, 439.—DIELECTRIC CONSTANTS (continued). 


Turner. Drude. 


Acetone in benzene at 19°. Ethy] alcohol in 
water at 19.59 
A= 


oe, 


Diel. const. =75 cm. 
Substance. at 18°. 
Dielectric 
constant. 


Per cent 
by weight. 


Temp. 
coefficient. 


Density 16°. 


Per cent |Dielectric 


Me Ve wae 
Benze by weight.) constant. 


Meta-xylene. . . 
Ethyl ether . . 
Aniline. ime 


0.885 2.26 
0.866 .10 
0.847 -43 
0.830 L2-0 
0.813 16.2 
0.797 20.5 


26.0 
29.3 


Be 


43.1 


Ethyl chloride 5 
O-nitro toluene 
Nitrobenzene . .» 
Water (conduct. 1076) 


Water in acetone at 19°. A=75 cm. 


TABLE 439, — Dielectric Constants of Solids. 


Condi- 
tion. 


~ | Dielectric 


Dielectric S 
2 constant. 


Substance. constant. 


Substance. 


Asphalt 
Barium 

phate 
Caoutchouc . 


Diamond . 
“ 


& 
ron 
6o 


Temp. 
Iodine (cryst.) . 23 
Lead chloride . 
(powder) = 
sc puitrate: - 
“sulphate . - 
“ molybde- 
nate . 
Marble 
(Carrara) 
Mica , 


sul- 


to 


Ebonite 
“ 
“cc 


Glass * 

Flint (extra 
heavy) 
Flint (very 
light) . 


RY Nye oO 
Mm ONuUMNbvN 
wm Aan O 


Madras, brown 
- green 
Hard crown ruby 
Mirror Bengal, yellow 
ad Aer <> white’: 
ruby 
Canadian am- 
ber. ao 
South America 
Ozokerite (raw) 


An oO 
On © 
ax Oo 


a + 4 .42— 20 s 
Lead (Pow- 
ll) res 


Jena 
Boron 
Barium 


Borosili- 


cate. 
Gutta percha. 


Ice 


“ 


“ 


* For the effect of temperature, see Gray-Dobbie, Pr. Roy. Soc. 63, 1898; 67, 1900. 
wave-length, see K. 
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Paper (tele- 
phone) 
“ (cable) 
Paraffine . 


“ 
. 


“ 


References on p. 361. 


“ 


Melting 
point. 


44-46 
54-50 
74-76 


- Lowe, Wied. Ann. 66, 1898. 


TaBLes 439, 440. 


DIELECTRIC CONSTANTS (continmed). 


TABLE 439. — Dielectric Constants of Solids (continued). 


Condi- 


Substance. fon: 


Paraffine 
“ec 


Phosphorus: 
Yellow 
Solid . 
Liquid 

Porcelain: 
Hard 
(Royal B’I’n) 
Seger “ ‘“ 
upure “* °* 


Selenium . 
“ 


Shellac. 
“ 


“ 


‘Amber ye 


1 vy. Pirani, 1903. 

2 Schmidt, 1903. 

3 Gordon, 1879. 

4 Winklemann, 1889, 
5 Elsas, 1891. 

6 Ferry, 1897. 

7 Hopkinson, 1891. 


8 Arons-Rubens, 1891. 


9g Gray-Dobbie, 1898. 


constant, 


Substance. 
Sulphur 


Cast, fresh 


“ce “cc 


Cast, old 


6 “i 


Strontium 


Thallium 


“cc 


nitrate 
Wood 


“ “ec 


Oak . 


Amorphous 


Liquid . 


sulphate 


carbonate 


Red beech. 


Condi- 


tion. 


near 
melting- 
point 


|| fibres 


=e 
I 
HL 


ty 


66 


Diel. 
constant. 


17 
16.5 
dried 
4.83-2.51 
7-73-3-63 
4.22-2.46 
6.84-3.64 


10 Lowe, 1898. 

TI (submarine-data), 
12 Thwing, 1894. 

13 Abegg, 1897. 

14 Behn-Kiebitz, 1904. 
I5 Starke, 1897. 

16 E. Wilson. 

17 Campbell, 1906. 


23 
24 
25 


Fallinger, 1902. 
Boltzmann, 1875. 
Zietkowski, 1900. 
Hormel], 1902. 
Schlundt, 1904. 
Vonwiller-Mason, 1907. 
Willner, 1887. 

Donle. 


TABLE 440. — Dielectric Constants of Crystals. 


Da, D8, Dy are the dielectric constants along the brachy, macro and vertical axes respectively. 


Wave-| Diel. const. 


length, 


ity. 


Substance. Substance. 


cm. 


1 Axis. ||] Axis. 


UNIAXIAL: 


Calcite 
“ce 


Dolomite. 
Iceland spar 


Quartz 
“ec J 


“ 
Ruby (Siam) 
Rutile (TiOg) . 
Tourmaline. 
“6 


Zircon 


1 Schmidt, 1903. 


2 Starke, 1897. 
3 Curie, 1889. 


SMITHSONIAN TABLES. 
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RHOMBIC: 
Aragonite . 
66 
Barite 
iT 


Celestite 
Cerussite 


MgSO4+7H2,0 


KsSOg 25 5: 
Rochelle salt* 
Sulphur 


Topaz 


“ colorless . 


* See page 358. 


4 Fallinger, 1902, 1919. 
5 v. Pirani, 1903. 
6 Ferry, 1897. 


uthor- 


| A 


fH RN ONNN SH ee PSP 


bDAADDONOnY 
Umnnn= OW AS 


Oy ONG. G3 CN ONC sat TT OMEN 


7 Borel, 1893. 
8 Bolztmann, 1875. 


362 TaBLe 441. 
WIRELESS TELECRAPHY. 


Wave-Length in Meters, Frequency in periods per second, and Oscillation Constant LC in 
Microhenries and Microfarads. 


The relation between the free wave-length in meters, the frequency in cycles per second, and 
the capacity-inductance product in microfarads and microhenries are given for circuits between 
1000 and 10,000 meters. For values between 100 and 1000 meters, multiply the columns for n 
by 10 and move the decimal point of the corresponding LC column two places to the left (divid- 
ing by 100); for values between 10,000 and 100,co0, divide the n column by to and multiply the 
LC column by 100. The relation between wave-length and capacity-inductance may be relied 
upon throughout the table to within one part in 200. 

Example 1: What is the natural wave-length of a circuit containing a capacity of 0.0of micro- 
farad, and an inductance of 454 microhenries? The product of the inductance and capacity is 
454 X 0.001 =0.454. Find 0.454 under LC; opposite under meters is 1270 meters, the natural 
wave-length of the circuit. 

Example 2: What capacity must be associated with an inductance of 880 microhenries in order 
to tune the circuit to 3500 meters? Find opposite 3500 meters the LC value 3.45; divide this by 
830, and the quotient, 0.00397, is the desired capacity in microfarads. 

Example 3: A condenser has the capacity of 0.004 microfarad. What inductance must be placed 
in series with this condenser in order that the circuit shall have a wave-length of 600 meters? 
From the table, the LC value corresponding to 600 meters is 0.101. Divide this by 0.004, the 
capacity of the condenser, and the desired inductance is 25.2 microhenries. 


t ‘ 
Meters. Meters. n LC Meters, 


300,000 1300 230,800 0.476 1600 187,500 
297,000 1310 229,000 0.483 1610 186, 300 
294,100 1320 227,300 0.490 1620 185,200 
291,300 1330 225,000 0.498 1630 184,100 
288,400 1340 223,900 0.505 1640 182,900 
285,700 1350 222,200 0.513 1650 181,300 
283,600 1360 220,600 0.521 1660 180,700 
280,400 1370 218,900 0.529 1670 179,600 
277,800 1380 217,400 0.530 1680 178,600 
275,200 1390 215,800 0.544 1690 177,500 


272,700 1400 214,300 0.552 1700 176,500 
270, 300 1410 212,800 0.559 1710 175,400 
267,900 1420 211,300 0.567 1720 174,400 
265,500 1430 209,800 0.576 1730 173,400 
263,100 1440 208, 300 0.584 1740 172,400 
260,900 1450 206,900 0.592 1750 171,400 
258,600 1460 205,500 0.600 1760 170,500 
256,400 38 1470 204,100 0.608 1770 169,400 
254,200 1480 202,700 0.617 1780 168,500 
252,100 1490 201,300 0.625 1790 167,600 


250,000 1500 200,000 0.633 1800 166,700 
247,900 I510 198,700 0.642 1810 165,700 
245,900 1520 197,400 0.650 1820 164,800 
243,900 1530 196,100 0.659 1830 163,900 
241,900 1540 194,800 0.668 1840 163,000 
240,000 1550 193,000 0.676 1850 162,200 
238,100 1560 192,300 0.685 1860 161,300 
236,200 1570 191,100 0.694 1870 160,400 
234,400 ; 1580 189,900 0.703 1880 159,600 
232,000 1590 188,700 0.712 1890 158,700 


' Adapted from table prepared by Greenleaf W. Picard; copyright by Wireless Specialty Apparatus Company, New 
York. Computed on basis of 300,000 kilometers per second for the velocity of propagation of electromagnetic waves. 
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Wave-Length, Frequency and Oscillation Constant. 


Meters. Meters. Meters. 


1900 157,900 2800 107,100 7000 
1910 157,100 2820 106,400 : 7100 
1920 156,300 2840 105,600 7200 
1930 155,400 2860 104,900 7300 
154,000 2880 104,200 ; 7400 
153,800 2900 103,400 : 7500 
153,100 2920 102,700 - 7600 
152,300 2940 102,000 ‘ 7700 
151,500 | 2960 101,300 : 7800 
| 150,800 2980 | . 100,700 ; 7900 


150,000 3000 100,000 : 8000 
148, 500 3100 96,770 : 8100 
147,100 3200 9337 50 : 8200 
145,000 3300 90,910 : 8300 
144,200 3400 88,240 8400 
142,900 3500 85.910 ; 8500 
141,500 : 3600 83,330 : 8600 
140,200 3700 81,080 F 8700 
138,900 3800 78,950 : 8800 
137,000 : 3900 76,920 : 8g00 


gooo 
g10o 
9200 
9300 
9400 
9500 
g600 
9700 
9800 


9900 


136,400 4000 75,000 
135,100 4100 73,170 
133.900 4200 71,430 
132,700 : 4300 69,770 
131,600 ; 4400 68.180 
130,400 4500 66,670 
129,300 4600 65,220 
128,200 4700 63,830 
127,100 4800 62,500 
126,000 4900 61,220 


NANOUMM pS 
NHS NOnNLH NONUN 
| NON AONO Quo 


to 


YPNHNRNYNNYHN 
00), peal yoann ee CIICOk 


125,000 5000 60,000 : 10000 
124,000 5100 58,820 
129,000 5200 57,090 
121,900 5300 56,600 
121,000 5400 55,560 
120,000 5500 54,550 
119,000 5600 53570 
118,100 5700 2,630 
117,200 5600 51,720 
116,300 5900 50,850 


115,400 6000 50,000 
114,500 6100 49,180 
113,600 6200 48,550 
112,800 6300 47,620 
II 1,900 6400 46,870 
III,100 6500 46,150 
110,300 6600 45-450 
109,500 6700 44,780 
108,700 ‘ 6800 44,120 
107,900 6900 43,480 


107,100 : 7000 42,860 
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TABLE 442, 
WIRELESS TELECRAPHY. 


Radiation Resistances tor Various Wave-Lengths and Antenna Heights. 


The radiation theory of Hertz shows that the radiated energy of an oscillator may be repre- 
sented by E=constant (h?/A?) I?, where h is the length of the oscillator, A, the wave-length and 
I the current at its center. For a flat-top antenna E = 1600 (h?/ A?) I? watts; 1600 h?/A? is called 
the radiation resistance. 


(h =height to center of capacity of conducting system.) 


40 Ft. | 60 Ft. | 80 Ft. | 100 Ft. | 120 Ft. | 160 Ft. | 200 Ft. | 300 Ft. | 450 Ft. | 600 Ft. 


Wave- 
Length A 


Austin, Jour. Wash. Acad. of Sci. 1, p. 190, 1911. 


TABLE 443, 


THE DIELECTRIC PROPERTIES OF NON-CONDUCTORS. 
Phillips Thomas, J. Franklin Inst. 176, 283, 1913. 


Results of tests at unit area and unit thickness of dielectric. 


At 1000 cycles. ica. Paper. Celluloid. 


Max. breakdown volts percm. . . . |I.06XI0*% | 0.71X10®| 1.05X 108 
Specific induc, capacity’ 7 2). 2 ao 

Max. absorbable energy, watts-sec/cm® |0. 198 

go°-angle of lead 12% %, eas : 
Equiv. resistance ohms/cm? X 10” 
Conductivity per cm, cubeX 10719 

Percent change in cap. per cycleX1Io* 


Percent change in resistance per cycle. 


At 15 cycles. 


Specific inductive capacity J Lae 
ax. absorbable energy, watt-sec/cm%, 
Percent change in capacity percycle . 


On direct current. 


Conductivity percm® . . . . . . |2.42x10-17|2.27x1071°|71.5X 104/163. 10-12 
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=, MAGNETIC PROPERTIES. 


Unit pole is a quantity cf magnetism repelling another unit pole with a force of one dyne; 
4m lines of force radiate from it. M, pole strength; 47M lines of force radiate from pole of 
strength MV. 

H, field strength, = no. of lines of force crossing unit area in normal direction; unit = gauss = 
one line per unit area. 

M, magnetic moment, = M1, where / is length between poles of magnet. 

I, intensity of magnetization or pole strength per unit area, = M/V = M/A where A is cross 
section of uniformly magnetized pole face, and V is the volume of the magnet. 47M/A = 47I = 
no. lines of force leaving unit area of pole. 

J, specific intensity of magnetism, = J/p where p = density, g/cm*. 

¢, magnetic flux, = 47M + HA for magnet placed in field of strength H (axis parallel to field). 
Unit, the maxwell. 

B, flux density (magnetic) induction, = ¢/A = 471 +H; unit the gauss, maxwell per cm. 

PH, magnetic permeability, = B/H. Strength of field in air-filled solenoid = H = (47/10) ni 
in gausses, 7 in amperes, 7, number of turns per cm length. If iron filled, induction increased, 
i.e., no. of lines of force per unit area, B, passing through coil is greater than H; w = B/H. 

K, susceptibility; permeability relates to effect of iron core on magnetic field strength of coil; 
if effect be considered on iron core, which becomes a magnet of pole strength M and intensity 
of magnetism J, then the ratio J/H = (uw —1)/4 mis the magnetic susceptibility per unit volume 
and is a measure of the magnetizing effect of a magnetic field on the material placed in the field. 

= 47K +1. 

r X, specific susceptibility (per unit mass) = k/p = J/H. 
Xa, atomic susceptibility, = x x (atomic weight); x, = molecular susceptibility. 
J 4, Jy, similarly atomic and molecular intensity of magnetization. 


Hysteresis is work done in taking a cm? of the magnetic material through a magnetic cycle 
= fHdlI = (1/47) fH dB. Steinmetz’s empirical formula gives a close approximation to the 
hysteresis loss; it is aB!® where B is the max. induction and ais a constant (see Table 472). The 
retentivity (B,) is the value of B when the magnetizing force is reduced to zero. The reversed 
field necessary to reduce the magnetism to zero is called the coercive force (H,). 

Ferromagnetic substances, uw very large, k very large: Fe, Ni, Co, Heusler’s alloy (Cu 62.5, 
Mn 23.5, Al 14. See Stephenson, Phys. Rev. 1910), magnetite and a few alloys of Mn. y for 
Heusler’s alloy, 90 to 100 for B = 2200; for Si sheet steel 350 to 5300. 

Paramagnetic substances, u>1, very small but positive, K = 10% to 107%: oxygen, especially 
at low temperatures, salts of Fe, Ni, Mn, many metallic elements. (See Table 474.) 

Diamagnetic substances, w<1, K negative. Most diamagnetic substance known is Bi, —14 
x 10% Volume susceptibility (see Table 474). 

Paramagnetic substances show no retentivity or hysteresis effect. Susceptibility independent 
of field strength. The specific susceptibility for both para- and diamagnetic substances is in- 
dependent of field strength. 

For Hall effect (galvanomagnetic difference of potential), Ettinghausen effect (galvanomagnetic 
difference of temperature), Nernst effect (thermomagnetic difference of potential) and the Leduc 
effect (thermomagnetic difference of temperature), see Tables 487 and 488. 

Magneto-strictive phenomena: 

Joule effect: Mechanical change in length when specimen is subjected to a magnetic field. 
With increasing field strength, iron and some iron alioys show first a small increment A//] = 
(7 to 35) X 107, then a decrement, and for H = 1600, Al/l may amount to —(6 to 8) x 107. 
Cast cobalt with increasing field first decreases, A//] = —8 x10-*, H = 150, then increases in 
length, A//l = + 5 x 10°*, H = 2000; annealed cobalt steadily contracts, Al/] = —25 x 10*, H 
= 2000. Ni rapidly then slowly contracts, A//l = —30 x 10°*, H = 100; —35 X 10°, H = 300; 
—36 x 10 *, H = 2000 (Williams, Phys. Rev. 34, 44, 1912). A transverse field generally gives 
a reciprocal effect. i 

Wiedemann effect: The lower end of a vertical wire, magnetized longitudinally, when a current 
is passed through it, if free, twists in a certain direction, depending upon circumstances (see 
Williams, Phys. Rev. 32, 281, 1911). A reciprocal effect is observed in that when a rod of soft 
iron, exposed to longitudinal magnetizing force, is twisted, its magnetism is reduced. 

Villari effect; really a reciprocal Joule effect. The susceptibility of an iron wire is increased 
by stretching when the magnetism is below a certain value, but diminished when above that 
value. 
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This table and Table 456 below are taken from a paper by Dr. Hopkinson * on the magnetic properties of iron and steel. 
The maximum magnetization is not tabulated; but as stated in the 
““ Coercive force’? is the magnetizing force required to reduce the magnetization to zero. The “ demag- 
previous magnetization in the opposite direction to the ‘‘ maximum induction” stated in the table. The “energy 


which is stated in the paper to have been 240. 


by 47. 


TaBLe 445. 


COMPOSITION AND MACNETIC 


which, however, was only found to agree roughly with the results of experiment. 


Description of 
specimen. 


Wrought iron 

Malleable cast iron 

Gray cast iron . 

Bessemer steel . : 

Whitworth mild steel 
“ce 


“ 


0 CON ANAWN HE 


Hadfield’s manganese 
steel 
Manganese steel - 
“ “cc 


_ 
(eo) 


“ 


“ 
. 


“ 
. 


Silicon steel A 


“ce “ac 


“ “ 


Chrome steel 
6c“ (T3 


“cc 


“ “ 


(French) 


“ “ 


Gray cast iron . 
Mottled cast iron 
Wihite as 
Spiegeleisen 


Chemical analysis. 


Total Phos- 


Carbon. 


Manga- 


Sees, Sulphur. | Silicon 


Annealed 


Annealed 


“c 


ened 
Annealed 
| Oil-hard- 


Oil-hard- 


ened 


As forged 
Annealed 
Oil-hard- 
ened 
As forged 
Annealed 
Oil-hard- 
1 ened 
As forged 
Annealed 
Oil-hard- 
} ened 
As forged 
Annealed 
{ Oil-hard- 
ened 
As forged 
Annealed 
Oil-hard- 
1 ened 
As forged 
Annealed 
Hardened 
in cold 
water 


in tepid 
water 
} Oil-hard- 
ened 
Very hard 


Hardened 


* Phil. Trans. Roy. Soc. vol. 176. 
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t Graphitic carbon. 


*| phorus. 


Other 
substances, 


TABLE 445 (continued). 
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PROPERTIES OF IRON AND STEEL. 


The numbers in the columns headed ‘‘ magnetic properties’’ give the results for the highest magnetizing force used, 
paper, it may be obtained by subtracting the magnetizing force (240) from the maximum induction and then dividing 
netizing force ” is the magnetizing force which had to be applied in order to leave no residual magnetization after 
dissipated’? was calculated from the formula:— Energy dissipated = coercive force X maximum induction + 7 


Magnetic properties. 


Specific : 
Bie Description of elostar: Energy dis- 
f : a i : . : d 
Test sania ee at | cet Eaeee) epee 
duction.| tion. force. | force. 
1 | Wrought iron . Annealed | .01378} 18251} 7248 | 2.30) —- 13350 
2 | Malleable cast iron . a ,03254/12408| 7479] 880] -—- 34742 
3 | Gray cast iron . - -10560| 10783| 3928 | 3.80] —- 13037 
4 | Bessemer steel . : ~ .01050/ 18196] 7860] 2.96] — 17137 
5 | Whitworth mild steel Annealed |.o1o80| 19840} 7080] 1.63} — 10289 
6 “a * ae .01446] 18736] 9840] 6.73) —- 40120 
7 e “ 1 peed .01390| 18796] 11040 | 11.00} — 65786 
8 . Annealed |.01559| 16120| 10740 | 8.26] — 42366 
Ze ve Oil-hard- 
9 : aneal .01695| 16120] 8736 | 19.38} — 99401 
Hadfield’ a ese 
10 a orgs : > .06554| 310] — - - 
11 | Manganese steel . As forged | .05368] 4623] 2202 | 23.50] 37.13 34567 
12 os ~ Annealed | .03928) 10578} 5848 | 33.86} 46.10] 113963 
13 as = ina has .05556| 4769] 2158 | 27.64] 40.29 41941 
14 ‘ Se As forged |.06993) 747 - - - - 
15 ce Annealed | .06316| 1985 540 | 24.50] 50.39 15474 
‘6 Fe a { Oil-hard- S066 rai rs x 
1 ened rts 733 
17 | Silicon steel . . As forged | .06163} 15148| 11073 | 9.49] 12.60 45740 
18 = ae : Annealed | .06185|14701| 8149 | 7.80] 10.74 30485 
19 Sa } nie 06195] 14696} 8084 | 12.75] 17.14 59619 
20 | Chrome steel ; As forged | .02016] 15778] 9318 | 12.24] 13.87 61439 
21 ss ‘ 4 Annealed |.01942/ 14848) 7570 | 8.98| 12.24 42425 
ze ‘a OF hard: | 62708| 13960] 8595 | 38-15] 48.45) 160455 
23 . ie A As forged |.01791| 14680} 7568 | 18.40] 22.03 85044 
24 $s tt. : Annealed | .01849/ 13233] 6489 | 15.40] 19.79] 64842 
25 | es Radeon .03035| 12868] 7891 | 40.80] 56.70} 167050 
26 | Tungsten steel . As forged | .02249} 15718] 10144 | 15.71 | 17-75 78568 
27 ss ore Annealed | .02250| 16498 | 11008 | 15.30} 16.93 80315 
Hardened 
28 = ‘a . in cold |.02274, —- - - - - 
water 
Hardened 
29 s 5 in tepid | .02249| 15610] 9482 | 30.10] 34.70] 149500 
water 
i} 30 “s “© (French) . et mae .03604| 14480] 8643 | 47.07| 64.46] 216864 
31 as NT eae Very hard | .04427/ 12133] 6818 | 51.20] 70.69] 197660 
32 | Gray castiron . ~ 11400] 9148| 3161 | 13.67| 17.03 39789 
33 | Mottled cast iron - .06286] 10546] 5108 | 12.24) — 41072 
BAgievwnite =) | - 105661} 9342] 5554 | 12-24] 20.40) 36383 
35 | Spiegeleisen - -10520] 385 Wi = = = 
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368 TABLES 446-448. MAGNETIC PROPERTIES OF IRON. 
TABLE 446, — Magnetic Properties of Iron and Steel. 


Electrical Sheets. 


Good Poor 
Cast Cast ee 
Steel. Steel. . Silicon 


0.044 


Chemical composi- ape ce 


tion in per cent 0.008 0.044 
0.001 0.027 


S 2.83 1.51 

Coercive force . . . [0.36] [0.37] 
11400 10600 
[10800] | [11000] (7500) 


Ht 
; 1850 375 


Residial By ss v3 


. “1 ame. | 
Maximum permeability [14400] | [14800] (110) 


19200 | 18800 16700 
[18900] | [19100] (11700) [17550] 


i 21620 | 21420 | 20600 | 19800 
q [21630] | [21420] | (20200) | (18000) [19260] 


B for H=r150 


4mI for saturation 


E. Gumlich, Zs fiir Electrochemie, 15, p. 599; 1909. 
Brackets indicate annealing at 800° C in vacuum. Parentheses indicate hardening by quenching from cherry-red. 


TABLE 447.— Cast Iron in Intense Fields. 


Soft Cast Iron. Hard Cast Iron, 


B I B I 


9950 782 : 7860 614 
10800 846 ‘ 9700 752 
13900 1070 ; 10850 836 
15750 1200 5 13050 983 
17300 1280 14050 1044 
18170 1300 15900 1138 
31100 1465 : 16800 1176 
32100 1475 ; 26540 1245 
32500 1488 ; 28600 1226 
33650 1472 : 30200 1226 


B. O. Peirce, Proc. Am. Acad. 44, 1909. 


TABLE 448, — Corrections for Ring Specimens. 

In the case of ring specimens, the average magnetizing force is not the value at the mean radius 
the ratio of the two being given in the table. The flux density consequently is not uniform, an 
the measured hysteresis is less than it would be for a uniform distribution. This ratio is also given 
for the case of constant permeability, the values being applicable for magnetizations in the neigh- 
borhood of the maximum permeability. For higher magnetizations the flux density is more uni- 
form, for lower it is less, and the correction greater. 


Ratio of Ratio of Average H to Ratio of Hysteresis for Uniform 
Radial H at Mean Radius. Distribution to Actual Hysteresis. 


Width'to. |=. a. a ee : 
Diameter Rectangular Circular Rectangular Circular 
of Ring. Cross-section. | Cross-section. | Cross-section. Cross-section. . 
ee ee | eee SS eee | 

: 

} 

: 


1.0986 1.0718 T.0r2 1.084 
1.0397 1.0294 1.045 1.03 

1.0216 1.0162 1.024 1.01 

1.0137 1.0102 1.015 1.011 
1.0094 1.0070 1.010 1.008 
1.0069 1.0052 1.008 1.006 
1.0052 1.0040 1.006 1.004 
1.0033 1.0025 1.003 1.002 


1.0009 1.0007 I,00I 1.001 


M. G. Lloyd, Bull. Bur, Standards, 5, p. 435; 1908. 
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MAGNETIC PROPERTIES OF IRONS AND STEELS. 


TABLE 449.— Magnetic Properties of Various Types of Iron and Steel. 


From tests made at the Bureau of Standards. B and H are measured in cgs units. 


| Values of B. 20,000 


Annealed Norway iron} H 81) 1.15) 1.60) 2.18) 3.06) 4.45] 7.25) 23.5) 116. 
Ke | 2470} 3480] 3750] 3670] 3270] 2700] 1930] 680} 150 


| Cast semi-steel 2.00) 2.90) 4.30) 6.46) 9.82/15.1 |24.9 | 50.5) 135. 
1000} 1380] 1400] 1240] 1020] 795} 563) 317 | 133 


Machinery steel 5.0 | 8.8 |13.1 |18.6 |25.8 |35.8 |50.6 | 76.0) 142. 
aa 455} 460} 430] 3090] 340) 280] 210 | 127 


TABLE 450.— Magnetic Properties of a Specimen of Very Pure Iron (.017% C). 
From tests at the Bureau of Standards. B and H are measured in cgs units. 


Values of B 4000 | 6000 | 8000 | 10,000] 12,000] 14,000] 16,000] 18,000] 20,000 
Very pure iron 3.30) 4.48) 6.35) 9.10/13 .0 18.9 |28.8 | 47.0/103. | 240. 
as received 606} 893) 945} 880} 770) 635] 486] 340] 175 83 


Annealed in vacuo 46) .60) .80) 1.02) 1.38] 2.00) 3.20) 11.3) 72.0) 194. 
4350} 6670] 7500] 7840] 7250] 6000] 4380] 1420] 250 | 103 


As received: Hmax 150 After annealing: Hmax 150 
Bmax 18,900 Bmax 19,500 
B, 7,050 — 
H. 28 Hee 20553 


TABLE 451. — Magnetic Properties of Electrical Sheets. 


From tests at the Bureau of Standards. B and H are measured in cgs units. 


Values of B 6000 | 8000 | 10,000] 12,000] 14,000] 16,000] 18,000] 20,000 
Dynamo steel 1.43 4.95) 9.20) 34.0) 114. 
4200 2420] 1520] 470 


Ordinary trans- \ 1.10 3.85/10 .9 | 43.0) 149. 
former steel 5450 3120| 1280] 372 


former steel 


High silicon trans- \ 90 3.60) 9.80) 47.4) 165. 


6670] 6250] 5020] 3340] 1430] 338 
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MAGNETIC PROPERTIES OF IRONS AND STEELS. 
TABLE 452.— Magnetic Properties of Two Types of American Magnet Steel. 


From tests at the Bureau of Standards. B and H are measured in cgs units. 


Values of B 12,000 | 14,000 | 16,000 


Tungster steel. 


Chrome steel. .. 


Percentage composition: Tungsten steel, C 0.67 W 5.1 Mno38 Si 0.26 
Chrome steel, C 0.81 W 0.96 Cr 2.09 Si 0.25 


Tungsten steel: Hmax 200 Bmax 14,000 Chrome steel: Hmax 200 Bmax 11,050 
H, 62.5 B, 10,400 H\) 14537 0B 7,030 


TABLE 453.— Magnetic Properties of a Ferro-Cobalt Alloy, FexCo (35% Cobalt). 


From tests at the Bureau of Standards. B and H are measured in cgs units, 


Values of B 10,000 | 12,000 


As received 


Annealed at 
r000° C 


Quenched 
from 1000° C 


As received 15,000 22.9 7750 { 3-79 
Annealed at ro00° C ~=Bmax415,000 Hmax{ 18.3 Br \ 7460 He4 3.95 
Quenched from 1000° C 15,000 130 8240 (14.3 


TABLE 454.— Magnetic Properties of a Ring Sample of Transformer Steel 
in Very Weak Fields. 


From tests made at the Bureau of Standards. B and H are measured in cgs units. 


Values of H ; ©.002 | 0.004 | 0.006 | 0.008 | 0.010 | 0.012 | 0.014 | 0.018 
Values of B : ©.9Q1 1.85 2.87 3.94 5.05 6.30 7.51 | 10.19 
| Values of wu 455 462 478 492 505 525 536 566 


TABLE 455.— Magnetic Properties of Iron in Very Weak Fields. 


The effect of very small magnetizing forces has been studied by C. Baur and by Lord Rayleigh. The following 
short table is taken from Baur’s paper, and is taken by him to indicate that the susceptibility is finite for zero values 


5 ee 


of H and for a finite range increases in simple proportion to H. He gives the formula'k = 15 + 100H, or J = 15H 
-+- t00oH2 The experiments were made on an annealed ring of round bar 1.013 cms radius, the ring having a radius of 
9.432 cms. Lord Rayleigh’s results for an iron wire not annealed give k = 6.4 + 5.1H, orl = 6.4H +5.1H%, The 
forces were reduced as low as 0.00004 cgs, the relation of & to H remaining constant. 


First experiment. Second experiment. 
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PERMEABILITY OF SOME OF THE SPECIM_NS IN TABLE 445. 
TABLE 456. 


his table gives the induction and the permeability for different values of the magnetizing force of some of the speci 

7 sees in’ Table 445- The specimen numbers refer to the same table. The numbers in this table have been taken 

from the curves given by Dr. Hopkinson, and may therefore be slightly in error; they are the mean values for 
rising and falling magnetizations. 


: : Specimen 8 Specimen 9 (same as Specimen 3 
peeerene- Specimen x (iron). (annealed steel). 8 tempered). (cast iron). 
ing force. 


“& B 


265 

700 
1625 
3000 
5000 
6000 
6500 
7100 
7350 
7900 
8500 


9500 
10190 


Tabies.s57-8, 163-5 give the results of some experiments by Du Bois,* on the magnetic properties of iron, nickel, and 
cobalt under strong magnetizing forces. ‘Lhe experiments were made on ovoids of the metals 18 centimeters long 
and 0.6 centimeters diameter. The specimens were as follows: (1) Soft Swedish iron carefully annealed and 
having a density 7.82. (2) Hard English cast steel yellow tempered at 230° C.; density 7.78. (3) Hard drawn 
best nickel containing 99 % Ni with some SiO, and traces of Fe and Cu; density 8.82. (4) Cast cobalt giving 
the following composition on analysis: Co = 93.1, Ni= 5.8, Fe=0.8, Cu= 0.2, Si=o.1,and C=0.3. The speci- 
men was very brittle and broke in the lathe, and hence contained a surfaced joint held together by clamps during 
the experiment. Referring to the columns, 4, 4, and have the same meaning as in the other tables, S is the 
magnetic moment per gram, and / the magnetic moment per cubic centimeter. | Hand S are taken from the 
curves published by Du Bois; the others have been calculated using the densities given. 


MAGNETIC PROPERTIES OF SOFT IRON AT O° AND 100° C. 
TABLE 457. 


Soft iron at 0° C. Soft iron at roo® C, 
Vf B 


1408 
1521 
1627 
1685 
1705 
1709 


17720 
19190 
20660 
21590 
22040 
22300 


m NOUON 
Swan as 
Oe Ww moO 


MAGNETIC PROPERTIES OF STEEL AT O° AND 100° C. 
TABLE 458. 


Steel at c° C. Steel at 100° C. 


B 


_ 


16170 | 161.7 
17730 88.6 
19000 47.5 
19890 28.4 
20380 5 
21270 

23020 

ee 


62.4 
89.5 
48.1 
28.9 
20.9 
17.7 
6.5 


* “Phil, Mag.” 5 series, vol. xxix. 

f The results in this and the other tables for forces above 1200 were not obtained from the ovoids above referred 
to, but from a small piece of the metal provided with a polished mirror surface and placed, with its polished face nor- 
mal to the lines of force. between the poles of a powerful electromagnet. The induction was then inferred from 
the oa of the plane of a polarized ray of red light reflected normally from the surface. (See Kerr’s ‘‘ Constants,” 
P. 331. 
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MAGNETISM AND TEMPERATURE. 
TABLE 459.— Magnetism and Temperature, Critical Temperature. 


The magnetic moment of a magnet diminishes with increasing temperature. Different specimens vary widely. 
In the formula Mt/Mo = (1 — at) the value of a may range from .0003 to .oo1 (see Tables 457-458). The effect on the 
permeability with weak fields may at first be an increase. There is a critical temperature (Curie point) above which 
the permeability is very small (paramagnetic?). Diamagnetic susceptibility does not change with the temperature. 
Paramagnetic susceptibility decreases with increase in temperature. This and the succeeding two tables are taken 
from Dushman, “ Theories of Magnetism,” General Electric Review, 1916. 


Critical q Critical 
Refer Substance. temperature, 
Curie point. 


Substance. temperature, 


: : nce. 
Curie point. “ue 


Her etlewwaaemte Rm -MieG hr fg UD ES SAARC R grees date home allelales ine ore 
avatatece aca le ap AI a Se 8 Saisie, 0 (a.'s ans win an! opi eiay 
eouaeceneesesae BOQ 6 UE ae a SAS OIS Cy © od 's'a0 6 6ie.e.s.0)9's 
cridilescceatsisighve WO. |e ee TN we asehd oie e oleae ais)elels se aie ere 


DAdarnuhSppFr 


| 


References: (1) P. Curie; (2) see Williams, Electron Theory of Magnetism, quoted from Weiss; (3) du Bois, 
Tr. Far. Soc. 8, 211, 1912; (4) Hilpert, Tr. Far. Soc. 8, 207, 1912; (5) Gumaer; (6) Stifler, Phys. Rev. 33, 268, 1911. 
TABLE 460.— Temperature Variation for Paramagnetic Substances. 


The relation deduced by Curie that x = C/T, where C is a constant and T the absolute temperature, holds for some 
aramagnetic substances over the ranges given in the following table. Many paramagnetic substances do not obey the 
be (Honda and Owen, Ann. d. Phys. 32, 1027, 1910; 37, 657, 1912). See the following table. 


° Refer- Refer- 
Substance. C X 108 Range °C pares Substance. C X1o0f| Range °C made. 


20° to 450° C 


Gadolinium sulphate.| 21,000 | —259° to 17 
Ferrous sulphate....| 11,000 | —259 “ 17 
Ferric sulphate 17,000 | —208 “ 17 


20 to 1370 { 
Manganese chloride.| 30,000 | —258 “ 17 | 


Magnetite 
Cast iron 


HHA HH 


References: (1) P. Curie, London Electrician, 66, 500, 1912; see also Du Bois, Rap, du Cong. 2, 460, 1900; (2) Per- 
rier, Onnes, Tables annuelles, 3, 288, 1914; (3) Oosterhuis, Onnes, /.c. 2, 389, 1913. 


TABLE 461.— Temperature Effect on Susceptibility of Diamagnetic Elements. 


| 
| 


No effect: 
B Cryst. 400 to 1200° P white Se — Sb —170 to 50° 
C Diamond, +170 to 200° S> (Cryst:sappe. Br —170 to 18° Cs and Au 
C “Sugar” carbon Zn —170 to 300° Zr Cryst. —170 to 500° Hg —39 to +350° 
Si Cryst. As _— Cd —170 to 300° Pb 327 to 600° 
Increase with rise in Temperature: 
Be _— C Diamond, 200 to 1200° I —170 to 114° 
B Cryst. +170 to 400° Ag — Hg —170 to —30° 
Decrease with rise in Temperature: 
C Amorphous Gd —179 to 30° In —r170 to 150° Tl — 
C Ceylon graphite Ge —170 to 900° Sb +50 to +631° Pb —170 to 327° 
Cu — Zr 500 to 1200° Te _— Bi —170 to 268° 
Zn +300 to 700° Cd 300 to 700° I +114 to +200° 


TABLE 462.— Temperature Effects on Susceptibility of Paramagnetic Elements. 
No effect: ; 
Li —_ K —170 to 150° Cr —170 to 500° WwW _ 


Na —170 to 97° Ca —170 to 18° Mn —170 to 250° Os _ 

Al 657 to 1100° V —170 to 500° Rb — 
Increase with rise in Temperature: 

Ti —40 to r100° Cr 500 to 1100° Ru +550'to 1200° Ba —170 to 18° 

V_ 500 to 1100° Mo —170 to 1200° Rh — Ir and Th 
Decrease with rise in Temperature: 

(O) —_ Ti —180 to —40° Ni 350 to S00° Pd and Ta 

As —170 to 657° Mn 250 to 1015° Co above 1150° Pt and U 

Mg _ (Fe) — Cb —170 to 400° Rare earth metals 


Tables 461 and 462 are due to Honda and Owen; for reference, see preceding table. 
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MACNETIC PROPERTIES OF METALS. 
TABLE 463. — Cobalt at 100° G. TABLE 464. — Nickel at 100° C. 


B 


10850 
11960 
13260 
13870 
14520 
15380 
16870 
18630 
20780 
9 49 2 | 23980 
At o° C. this specimen gave the fol 
lowing results : 


7900 | 154 | 1232 | 23380 | 3.0 


TABLE 465.— Magnetite. 


59-4 
59-6 


| § 15 


At 0° C. this specimen gave the fol- 


lowing results : 


12300 | 67.5 | 595 | 19782 | 1.6 


The following results are given by Du Bois * for a specimen of magnetite. 


Professor Ewing has investigated the effects of very intense fields on the induction in iron and other metals.t The 
results show that the intensity of magnetization does not increase much in iron after the field has reached an in- 
tensity of 1000 c. g. s. units, the increase of induction above this being almost the same as if the iron were not 
there, that is to say, @B/ @# is practically unity. For hard steels, and particularly manganese steels, much higher 
forces are required to produce saturation. Hacfield’s manganese Steel seems to have nearly constant susceptibility 
up toa magnetizing force of 10,coo. The following tables, taken from Ewing’s papers, illustrate the effects of 
strong fields on iron and steel. The results for nickel and cobalt do not differ greatly from those given above. 


TABLE 466.—Lowmoor TABLE 467. — Vicker’s 
Wrought Iron. Tool Steel. 


BX 


24130 | 7.83 
28300 | 4.39 
32250 | 3-09 
35200 | 2.59 
36810 | 2.2 
39900) | 2-13 
407 30 | 2.15 


Bessemer steel containing about 0.4 per cent carbon . 

Siemens-Marten stee] containing about 0.5 per cent carbon 

Crucible steel for making chisels, containing about 0.6 per 
cent carbon . 


Finer cagued of 3 containing about 0.8 per cent carbon . 


Crucible steel containing t per cent carbon . 
Whitworth’s fluid-compressed steel . 


TABLE 468. — Hadfield’s 
Manganese Steel. 


z 


wh 
= 


om 


lg INI ed 
900 0.0 
nD Cour 


te 


N 


*“ Phil. Mag.” 5 series, vol. xxix, 1890. ¢ “Phil. Trans. Roy. Soc.” 1885 and 1889. 
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DEMAGNETIZING FACTORS FOR RODS. 


TABLE 470, 


H = true intensity o. magnetizing field, HW’ = intensity of applied field, 7=in- 
tensity of magnetization, W#= A'—J/V/. 

Shuddemagen says: The demagnetizing factor is not a constant, falling for 
highest values of /to about 1/7 the value when unsaturated; for values of B 
(=H+42/) less than 10000, V is approximately constant; using a solenoid 
wound on an insulating tube, or a tube of split brass, the reversal method gives 
values for VV which are considerably lower than those given by the step-by-step 
method; if the solenoid is wound on a thick brass tube, the two methods prac- 
tically agree. 


Values of NX 104, 


Cylinder, 


Ballistic Step Method, 


Ellipsoid, Uniform 
Magneti- 
zation. 


metric Practical Constancy. 


Wetliod |. ae eee 
(Mann), Diameter, 


Magneto- mabe | Shuddemagen for Range of 


0.158 cm, | 0.3175 cm, | I-I1d cm. 1.905 cm, 


C. R. Mann, Physical Review, 3, p. 359; 1896. 
H. DuBois, Wied. Ann. 7, p. 942; 1902. f a. 
C, L. B. Shuddemagen, Proc. Am. Acad. Arts and Sci. 43, p- 185, 1907 (Bibliography). 


TABLE 471. 


Shuddemagen also gives the following, where ZB is determined by the step method 
and H=//'—KB. 


4 Values of KX 104, | 
Ratio of | 
Length } 
to 
Diameter, 


Diameter Diameter 
0.3175 cm. 1,1 to 2.0 Cm. . 


toe tC 


9 
6 
7 
25 
“5 
6 
8 


c. 
8. 
2 
3.66 
1.83 


| 
| 
| 
: 
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DISSIPATION OF ENERCY IN THE CYCLIC MACNETIZATION OF VARIOUS 
SUBSTANCES. 


C. P. Steinmetz concludes from his experiments * that the dissipation of energy due tr 
hysteresis in magnetic metals can be expressed by the formula eal, where e is the energ) 
dissipated and a a constant. He also concludes that the dissipation is the same for the sam: 
range of induction, no matter what the absolute value of the terminal inductions may be. Hi 
experiments show this to be nearly true when the induction does not exceed + 15000 c. g.s 
units per sq. cm. It is possible that, if metallic induction only be taken, this may be true up te 
saturation ; but it is not likely to be found to hold for total inductions much above the satura- 
tion value of the metal. The law of variation of dissipation with induction range in the cycle, 
stated in the above formula, is also subject to verification.t 


Values of Constant a. 


The following table gives the values of the constant a as found by Steinmetz for a number of different specimens. 
The data are taken from his second paper. 


Number of | y- . se : Value of 
specimen. Kind of material. Description of specimen. a: 


Tron Norway iron . : . .00227 
s Wrought bar . 2 00326 
Commercial ferrotype plate 00548 

Annealed 5 .00458 

Thin tin plate . - = : .00286 

Medium thickness tin plate . 00425 

Soft galvanized wire . 00349 

Annealed cast steel . s F .00848 

Soft annealed cast steel . 00457 

Very soft annealed cast steel . : .00318 

Same as § tempered in cold water 02792 

Tool steel glass hard tempered in water : .07476 

“« “tempered in oil - . 2 ; 02670 

: annealed . c .01899 

: ( Same as 12,13, and 14, after having been subjected 061 30 

to an alternating m. m. f. of from 4000 to 6000 .02700 

) ampere turns for demagnetization . - - 01445 


Oo ON Auf W N 


“ ce 


Cast iron Gray cast iron . : : .01 300 


“cc “cc “e “ Ti 
. 


containing 7 % aluminium: ‘ 01365 
a“ “é 


th 01459 
ne square rod 6 sq. cms. section and 6.5 cms. ‘long, 


from the Tilly Foster mines, Brewsters, Putnam 02348 
County, New York, stated to be a very pure pec 

Soft wire . : 0122 

Annealed wire, calculated by Steinmetz from Sng 
Ewing’s experiments : : . ar 

Hardened, also from Ewing’s experiments ‘ : 0385 
Rod containing about 2 % of iron, also calculated 
from Ewing’s experiments by Steinmetz 


Magnetite . 
Ee of thin needle-like chips obtained by 


Nickel 


6 


Cobalt -0120 


milling grooves about 8 mm. wide across a pile of 
thin sheets clamped together. About 30 % by vol- 
ume of the specimen was iron. 

Ist experiment, continuous cyclic variation of m. m. 
f. 180 cycles per second . 5 : 

2d experiment, 114 cycles per second. 


“ 


Iron filings 


3d 79-91 cycles per second . 


* “Trans Am. Inst. Elect. Eng.”? January and September, 1892. 
+t See T. Gray, ‘‘ Proc. Roy. Soc.’’ vol. lvi. 
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ENERGY LOSSES IN TRANSFORMER STEELS. 


Determined by the wattmeter method. 

Loss per cycle per cco—=A4*+6nB4, where B= flux density in gausses and #2 = frequency in 
cycles per second. x shows the variation of hysteresis with B between 5000 and 10000 gausses, 
and y the same for eddy currents. 


Ergs per Gramme per Cycle. Watts per Pound at 60 Cy- 
cles and 10000 Gausses. 


Thick- | 10000 Gausses. | 5000 Gausses. 
Designation. ness. 
cm. 


ge 


Hyste- 


Hyste- ; 
i resis. 


resis. 


Eddy Cur- 
rents at 
60~ 
Eddy Current 
Loss for Ga: 


Unannealed 
0.0399 562 

.0326 384 

.0422 2 350 

0381 353 


990090 
BR 
_ 


.0476 
.0280 
0394 
.0307 
0318 
0282 
.0346 
0338 
0335 
.0340 
0437 


oe 
Cr. 
Ceo 


.0361 
10315 
0452 
0338 
.0346 
.0310 
.0305 
0430 


0.735 0.855 
0.685 | 0.855 
0.535 | 0.695 
0.545 | 0.665 


LPS ia UST Lt a 


* German. . f + English. 
t In order to make a fair comparison, the eddy current Joss has been computed for a thickness of 0.0357 cm. (Gage 
No. 29), assuming the loss proportional to the thickness. 


Lloyd and Fisher, Bull. Bur. Standards, 5, p. 4533 1909 


Note. —For formule and tables for the calculation of mutual and self inductance see Bulletin Bureau 
of Standards, vol. 8, p. 1-237, 1912. 
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MACNETIC SUSCEPTIBILITY. 


If J is the intensity of magnetization produced in a substance by a field strength ¥, then the 
magnetic susceptibility H = 9] /#. This is generally referred to the unit mass; italicized figures 
refer to the unit volume. The susceptibility depends greatly upon the purity of the substance, es- 
pecially its freedom from iron. The mass susceptibility of a solution containing p per cent by weight 
of a water-free substance is, if Ho is the susceptibility of water, (p/100) H + (1 —p/r100) Ho. 


Ai . 
Substance. H X108 | § | Remarks Substance. O | Remarks 
oa) f 


(00) neice ae —o.1g | 18° Gl Oe a 3 Sol’n 
PEC ea sy fe ie tats |) 0:20 Uy re oe ee 

AirrAtm, . . «| +0.02¢'| 15 
EE Pit sites ee) os -OlOR aS 
Ale Ko( SO4)424 H20 =F: 0) 

eee ATM =, 8s Se —0.10 
Sol’n 
6b 


2 el aa i ee ae : Powd. 
C,arc-carbon .. z NagCQOs3. 10 H2O as 
Ce gamond ..% + , ee wy arts Sue a 
cote ©. Atm. “<2 s DTG Si eie achose es ; Sol’n 
Ost Atm. . . : NiSO, . “6 
CS2 Ca ae ae B Og, 1 Atm. 

20) Se ae | mea eas 

CTC) Se ; P, white 

CaCOx3, marble. . ; P, red . 

i 5 ee P 
CeBrs — RS 
Clg, 1 Atm. 
CoCl, 


Ss 


SOx, 1 Atm. . 
Sb bee 


Ebonite 
Glycerine . 
Sugar 
Paraffin 
Petroleum, 
Toluene 
Wood , 
Xylene. . 


. Values are mostly means taken of values given in Landolt-Bérnstein’s Physikalisch-chemische Tabellen, See espe- 
cially Honda, Annalen der Physik (4), 32, 1910, RAK 7 Pay 
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MAGNETO-OPTIC ROTATION. 


Faraday discovered that, when a piece of heavy glass is placed in magnetic field and a beam 
of plane polarized light passed through it in a direction parallel to the lines of magnetic force, 
the plane of polarization of the beam is rotated. This wax subsequently found to be the case 
with a large number of substances, but the amount of the rotation was found to depend on the 
kind of matter and its physical condition, and on the strength of the magnetic field and the 
wave-length of the polarized light. Verdet’s experiments agree fairly well with tne formula — 


dr\ r2 
@=dH (r—a") 5, 


where ¢ is a constant depending on the substance used, / the length of the path through the 
substance, 7 the intensity of the component of the magnetic field in the direction of the path 
of the beam, 7 the index of refraction, and A the wave-length of the light in air. If # be dif- 
ferent, at different parts of the path, 7H is to be taken as the integral of the variation of mag- 
netic potential between the two ends of the medium. Calling this difference of potential v, we 
may write @= Av, where A is constant for the same substance, kept under the same physical 
conditions, when the one kind of light is used. The constant 4 has been called “ Verdet’s con- 
stant,” * and a number of values of it are given in Tables 476-480. For variation with tempera- 
ture the following formula is given by Bichat : — 


R = Ro (1 — 0.001044 — 0.000014 2), 


which has been used to reduce some of the results given in the table to the temperature corre- 
sponding to a given measured density. For change of wave-length the following approximate 
formula, given by Verdet and Becquerel, may be used :— 


where pz is index of refraction and A wave-length of light. 

A large number of measurements of what has been called molecular rotation have been made, 
particularly for organic substances. These numbers are not given in the table, but numbers 
proportional to molecular rotation may be derived from Verdet’s constant by multiplying in the 
ratio of the molecular weight to the density. The densities and chemical formule are given in 
the table. In the case of solutions, it has been usual to assume that the total rotation is simply 
the algebraic sum of the rotations which would be given by the solvent and dissolved substance, 
or substances, separately; and hence that determinations of the rotary power of the solvent 
medium and of the solution enable the rotary power of the dissolved substance to be calculated. 
Experiments by Quincke and others do not support this view, as very different results are 
obtained from different degrees of saturation and from different solvent media. No results thus 
calculated have been given in the table, but the qualitative result, as to the sign of the rotation 
produced by a salt, may be inferred from the table. For example, if a solution of a salt in water 
gives Verdet’s constant less than 0.0130 at 20° C., Verdet’s constant for the salt is negative. 

The table has been for the most part compiled from the expériments of Verdet,t H. Becque- 
rel,t Quincke, § Koepsel,|| Arons,{ Kundt,** Jahn,t} Schénrock,¢} Gordon, §§ Rayleigh and 
Sidgewick,|||| Perkin, Bichat.*** 

As a basis for calculation, Verdet’s constant for carbon disulphide and the sodium line D has 
been taken as 0.0420 and for water as 0.0130 at 20° C. 


* The constancy of this quantity has been verified through a wide range of variation of magnetic field by 
H. E. J. G. Du Bois (Wied. Ann. vol. 35), p- 137, 1888. 

+ ™ Ann. de Chim. et de Phys.” [3] vol. 52, p. 129, 1858. 

+ “Ann. de Chim. et de Phys.” [5] vol. 12; ‘‘C. R.’’ vols. 90, p. 1407, 1880, and 100, p. 1374, 1885. 

§ “ Wied. Ann.” vol. 24, p. 606, 1885. 

j| ** Wied. Ann.” vol. 26, p. 456, 1885. 

q ‘* Wied. Ann.”? vol. 24, p. 161, 1885. 

¥** “ Wied. Ann.” vols. 23, p. 228, 1884, and 27, p. 191, 1886. 

tt ‘Wied. Ann.” vol. 43, p. 280, 1891. 

tt “‘Zeits. fiir Phys. Chem.” vol. 11, p. 753) 1893. 

§ ‘‘Proc. Rov. Soc.” 36, p. 4, 1883. 

li] “ Phil. Trans. R. S.”’ 176, p. 343, 1885. 
41 ‘‘ Jour. Chem. Soc.” 
* “Jour. de Phys.” vols. 8, p. 204, 1879, and 9, p. 204 and p. 275, 1880. 
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MAGNETO-OPTIC ROTATION. 
Solids. 


Verdet's 
Substance. Formula. Constant. Ge Authority. 


Minutes. 
a Ee 


ESCH Wel 6 fig tere ed |e : 0.009 5 ° | Quincke. 

ipisyavakoaans oe Re. Souce ae 0.2234 Becquerel. 
Wiamronds hw. ahs e: 0.0127 
Wead borate |)... 0.0600 
SEEN) ESS Ae) Ton ae t 0.4625 
Sodium borate .. . Z 0.0170 
Ziqueline (Cuprite). . ; 0.5908 


“ 


i 


Rorite |) OS | ) A 0.05989 Meyer, Ann. der 
02526 Physik, 30, 1909. 
.O1717 
.01329 
.00897 
.00 300 
.00049 
.00030 
Glass, Jena: Medium phosphate crn. : 0.0161 DuBois, Wied. Ann. | 
Heavy crown, O1143 . . 0.0220 51, 1894. 
Light flint, O4s5r . 0.0317 
Heavy flint Os500 . 0.0608 
e G S163. 0.0888 | 
Zeiss, Ultraviolet . Sait 0.0674 Landau, Phys. ZS. | 
f Se oe : 03609 9, 1908. | 
ve : . ; -O311 


Quartz, along axis, i.e., SiO: . 0.1587 Borel, Arch. sc. phys. | 
plate cut 1 to axis ‘ .1079 16, 1903. 

.04617 
02574 
01664 
.01 368 

meckisalt £42 <b: : 0.2708 Meyer, as above. 
15601 
0775 
.0483 
0245 
01050 
00262 
.00069 

Sugar, cane: along CygHeO11 E O22 Voigt, Phys. ZS. 9, 

axis ILA ; .0076 1908. 
.0066 
axis ITAL... ; 0.0129 
.0084 
z .007 5 

See ce ; 0.0534 2 Meyer, as above. 
.0316 
02012 
O10St 
.00608 
C0207 
.00054 
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3 80 TABLE 477. 
MACNETO-OPTIC ROTATION. 
Liquids : Verdet’s Constant for A= 0.589n. 


Density in | Verdet’s 
Substance. Chemical formula. | grams per constant |Temp.C. Authority. 
in njnutes. 


Acetone C3H¢O 0.7947 
Acids : Acetic CyH4O2 1.0501 
Butyric C4HgO02 0.9063 
Formic CH202 132273 
Hydrochloric HCl 1.2072 
Hydrobromic HBr 1.7859 
Hydroiodic HI 1.9473 
Nitric HNO3 1.5190 
Sulphuric HeSO4 — : Becquerel. 
Alcohols : Amy) C5H,,0H 0.8107 Jahn. 
Buty) CxzH9O0H 0.8021 a 
Ethyl C2.H5s0H 0.7900 
Methyl CH30H 0.7920 
Propy] C3sH;OH 0.8042 
Benzene CeHe 0.8786 
Bromides : Bromoform CHBrg 2.9021 
of Ethyl C2Hs;Br 1.4486 
Ethylene C.H4Bre 2.1871 
Methy) CHgbr 1.7331 
Methylene CH2brg 2.4971 
Carbon bisulphide CS2 — P Gordon. 
4 = 042 Rayleigh. 
Chlorides : Amyl CHCl 0.8740 .O1¢ Jahn. 
Arsenic AsCl3 = 0422 Becquerel. 
Carbon CCl4 — ie 
Chloroform CHCls 1.4823 : Jahn. 
Ethyl CeHs5Cl 0.9169 : Perkin. 
Ethylene C2H4Cle 1.2589 - 
Methy) CHs3C) oe : Becquerel. 
Methylene CHe2Cle 1.3301 .0162 Perkin. 
Sulphur bi- S2Cle —_ J Becquerel. 
Tin tetra SnClq4 o 
Zinc bi- ZnCle : 2d 
Todides : Ethy} CeHsl ; Perkin. 
<s Methyl CHsl Pe 
i, Propyl CsH7I 
Nitrates : Ethyl C2.Hs50.NO 3 
Methy] CH30.N Og 
as Propy] CsH7O.NOe 
Paraffins : Heptane CrHi6 
Hexane Colty 
ee Pentane CsHi2 
Phosphorus, melted P _ : Becquerel. 
Sulphur, melted S — : “ 
Toluene C7Hs : 4 Schénrock. 
Water, A=0.2496 p H.O ‘ See Meyer, 
0.275 - Ann. der 
0.3609 ' x Physik, 30, 
0.4046 : 1909. Meas- 
0.500 3 ures by 
0.589 A Landau, 
0.709 : Siertsema, 
1.000 : Ingersoll. 
1.300 


Schonrock. 
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TaBLE 478. 38 I 


MACNETO-OPTIC ROTATION. 
Solutions of acids and saits in water. Verdet’s constant for A—0.589.. 


: Density, | Verdet’s : Density, | Verdet’s 
Chemical : : Chemical ’ 
grams _ constant formula. _ constant 
in minutes. in minutes. 


Temp. 
rmula. = 


C3H¢gO0 ; i LiCl : 0.0145 
HBr - 024. : 0.0143 
a : ; MnCl, : 0.0167 
HCl ‘ 3 4 : 0.01 50 
“ ‘ HgCle ‘ 0.0137 

Z 0.0137 
NiCl, 468 pe 
Sg 0.0196 
0.0162 

0.0163 

0.0148 

0.0180 

0.0144 

0.0144 

0.0162 

0.0146 

0.0266 

0.0175 

0.0196 

0.0161 

0.0098 

0.0126 

0.01 36 

0.0135 

0.0396 

0.0358 

0.0235 

0.0291 

0.0177 

0.0338 

0.0237 

0.0182 

0.0200 

= : 0.0175 
NH,NO, E 0.0121 
KNOg3 : 0.0130 
NaNOgz : 0.0131 
U2,03N205 : 0.0053 
BS : 0.0115 
(NH4)2SO4 3 0.0140 
NH4.HSO, | 1.4417 0.0085 
BaSO4 0.0134 
“ 4 0.0133 
CdSO,4 1762 | 0.0139 
cs ; 0.01 36 
LigSO4 c 0.0137 
MnSO, : 0.0138 
K2SO4 “ 0.0133 
NagSOg : 0.0135 


*J, Jahn, P, Perkin, V, Verdet, B, Becquerel, S, Schonrock; see p. 378 for references, 
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382 TaBLes 479, 480. 
TABLE 479. — Magneto-Optic Rotation. 


Gases, 


Verdet’s 
Substance. Pressure. Temp. constant in Authority. 
minutes. 


Atmospheric air 

Carbon dioxide 

Carbon disulphide 

Ethylene ° 

Nitrogen 

Nitrous oxide . 
Oxygen . 


Atmospheric | Ordinary 
“ “ 


6.83 X 10-6 | Becquerel. 
13.00 “ce “ce 
74 cms. Ou Gs Bichat. 
Atmospheric Ordinary 34.48 Becquerel. 
‘ “ 


“ 6“ Ts 
6c “ 
“ “ec 


Bichat. 


Sulphur dioxide 
“cc “ 


See also Siertsema, Ziting. Kon. Akad. Watt., Amsterdam, 7, 1899; 8, 1900. 


Du Bois shows that in the case of substances like iron, nickel, and cobalt which have a variable 
magnetic susceptibility the expression in Verdet’s equation, which is constant for substances of con- 
stant susceptibility, requires to be divided by the susceptibility to obtain a constant. For this 
expression he proposes the name “ Kundt’s constant.” These experiments of Kundt and Du 
Bois show that it is not the difference of magnetic potential between the two ends of the medium, 
but the product of the length of the medium and the induction per unit area, which controls the 
amount of rotation of the beam, 


TABLE 480.— Verdet’s and Kundt’s Constants. . 


The following short table is quoted from Du Bois’ paper. The quantities are stated inc. g. s. measure, circular 
measure (radians) being used in the expression of ** Verdet’s constant ’’ and ‘* Kundt’s constant.”” 


ei’s consiant. 


Wave-length 
of light 
in cms. 


Kundt’s 
constant. 


Magnetic 


Name of substance. disc pubilaty: 


Number. | Autboriiy. 


CGobalte - ; - 6.44 X 1075 3-99 
Nickel . : - ‘ 3:15 
Tron : 6:50) 2.63 


Oxygen: 1 atmo. . + 0.0126 X 1075 | 0.000179 X 1075| Becquerel. | 5.89 “ 0.014 
Sulphur dioxide .|—o.0751 “ 0.302 = rf + —4.00 


Water . - | — 0.0694 0.377 ns Arons —5-4 
Nitric acid - | — 0.0633 0.356 Becquerel. —5.6 
Alcohol . - | — 0.0566 0.330 De la Rive. * —5.8 
Ether ; . | —0.0541 0.315 f ae —>5.8 
Arsenic chloride . | — 0.0876 1.222 Becquerel. 3 —14.9 
Carbon disulphide . | — 0.0716 1.222 Rayleigh. « —I7.1 
Faraday’s glass — 0.0982 1.738 Becquerel. t —I7.7 
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TABLES 481-483. 3 8 3 
TABLE 481. — Values of Kerr’s Constant.* 


Du Bois has shown that the rotation of the major axis of vibration of radiations normally reflected from a magnet is 
algebraically equal to the normal component of magnetization multiplied into a constant AK. He calls this con- 
stant A, Kerr’s constant for the magnetized substance forming the magnet. 


Kerr’s constant in minutes per c. g. s. unit of magnetization. 


2 Spectrum 
Color of light. line. 


Cobalt. Nickel. Iron. Magnetite. 


Red . . i ; —0.0208 —0.0173 —0.01 54 0.0096 


Red . ; —0.0198 —0.0160 —0.0138 -+0.0120 


Yellow —0.0193 —0.01 54 —0.01 30 0.0133 


Green : —0.0179 —0.0159 —O.OIII 0.0072 


Blue . : : —o.0180 —0.0163 —O0.OI0I -++0.0026 


Violet : —o.0182 —0.0175 —o.0089 - 


*H. E. J. G. Du Bois, ‘‘ Phil. Mag.” vol. 29. 


TABLE 482. — Dispersion of Kerr Effect. 


Wave-length. 


Steel . 
Cobalt : .. 
Mickel 3. 2°. 


Field Intensity= 10,000 C.G.S. units. (Intensity of Magnetization =about 800 in steel, 700 to 800 in cobalt, 
about 400 in nickel). Ingersoll, Phil. Mag. 11, p. 41) tgo6. 


TABLE 483. — Dispersion of Kerr Effect. 


Mirror. ( ee ) 


icons. . || 21,500 


Cobalt. .]| 20,000 


Nickel. .| 19,000 


mteel . .j| “10,200 


Invar . .| 19,800 


Magnetite 16,400 


Foote, Phys. Rev. 34, p. 96, 1912. 


See also Ingersoll, Phys. Rev. 35, p. 312, 19r2, for ‘The Kerr Rotation for Transverse Magnetic Fields,” and 
now, |. c. 2, p. 29, 1913, ‘“‘ Magneto-optical Parameters of Iron and Nickel,” 
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Tas_Les 484-486. 
RESISTANCE OF METALS. MAGNETIC EFFECTS. 


TABLE 484.—Variation of Resistance of Bismuth, with Temperature, in a Transverse 
Magnetic Field, 


334 


Proportional Values of Resistance. 


+18° +60° +100° | +183° 


1.79 
1.80 
1.82 


1.08 
I.II 
1.21 
1.32 
1.42 
1-54 
1.67 
1.80 
1.93 
2.06 
2.20 
252 
2.86 
3-25 


1.42 pe gal 
1-43 
1.46 
1.51 1.85 
1.57 1.87 
1.62 1.89 
: -67 1.92 
1.73 1.94 
1.80 1.96 
1.87 1.99 
1.95 2.03 
2.10 2.09 
2.28 2.17 
2.45 2.25 


RON eet tt et et ee 
DhLOwRUUDHR KD 
CANNHOOONKHHEL QOH OH 


TABLE 485. — Increase of Resistance of Nickel due to a Tran — Magnetic 
Pield, expressed as “> of Resistance at 0° and H= 


F. C. Blake, Ann. der Physik, 28, p. 449; 1909. 


TABLE 486.—Ohange of Resistance of Various Metals in a Transverse Magnotic Field. 
Room Temperature. 


Field Strength , 
in Gausses. Authority. 


Williams, Phil. Mag. 9, 1905. 
Barlow, Pr. Roy. Soc. 71, 1903. 
Dagostino, Atti Ac. Linc. 17, 1908. 
Grummiach, Ann. der Phys. 22, 1906. 


Palladium 
Platinum 
Lead 
Tantalum 
Magnesium +o. Dagostino, I. c. 
Manganin +o. & 
Tellurium +0.02 to 0. 34 Goldhammer, Wied Ann. 31, 1887. 
Antimony +0.02 to 0.16 - 
Different specimens show very Grummach, lL. c. 
Iron diverse results, usually an in- Barlow, l. c. 
crease in weak fields, a decrease Williams, 1. ¢. 
in strong. 
Nickel steel Alloys behave similarly to iron. Williams, 1. c. 


SmirHsonian TABLes. 


TaBLes 487, 488. 385 
as TABLE 487, —Transverse Galvanomagnetic and Thermomagnetic Effects. 


Effects are considered positive when, the magnetic field being directed away from the observer, 
and the primary current of heat or electricity directed from left to right, the upper edge of the 
specimen has the higher potential or higher temperature. 

£= difference of potential produced; 7=—difference of temperature produced; 7= primary 

t 
current; 7 =primary temperature gradient; B = breadth, and D= thickness, of specimen : 


= intensity of field. C.G.S. units. 


Hall effect (Galvanomagnetic difference of Potential), Z = RD 


fT. 


Ettingshausen effect ( “ “ “ Temperature), 7= Pay 


at 
Nernst effect (Thermomagnetic “ “ Potential), A = QHB 


at 
Leduc effect ( ss sé “ Temperature), 7= SHB 7, 


! | 
Substance, Values of R. . QO X 108, | SX 108. 


Tellurium 
Antimony 
Steel 


Heusler alloy 


+400 to 800 
+ 0.9 “ 0.22 
+.012 “ 0.033 
+.o10 “ 0.026 
+.007 “ 0.011 


-++ 360000 +400 
-++g000 to 18000 | +200 
—700 “ 1700 | +69 
+1600 “ 7000 


a) ee ues —1000 “ 1500 
Popale 5 ss - . «| +.0016 “ 0.0046 k +1800 “ 2240 
Sd 2 Seca : - —54 “ 240 
Cadmium . . , rue +.00055 

Medium . 8 we rere -+.00040 up to —5.0 
Meda |. A pei -++.00009 —5.0 (?) 
Mie kl mer : —.00003 —4.0 (?) 
Platinum. . 3 Sa < —.0002 - 
Mapper . . . ua te —.00052 
Seermiam silver. .... - —.00054 
C2)\C ere + + « »| —.00057 to .0007I 
Constantine. - : —. 
Manganese . - . - —.00093 
Palladium . « 2 . «| —0007 to .cor2 
SN) -} —.0008 “ .0o15 
Sodium . . : —.0023 
Magnesium . —.00094 to .0035 
Aluminum —.00036 “ .0037 


—go to 270 


+50 to 130 


—e.. on —.0045 “ .024 +0.04 to 0.19 
@arbon . . Oh rider a teen : 
Bismuth . 


Antimony.” 
+11.5° | -++100° —186° —79° 


13.3 7-28 0.263 | 0.249 
12.7 Yee) 0.252 | 0.243 
12.1 7-06 0.245 | 02.35 
11.5 6.95 

11.0 6.84 

10.6 


1 Barlow, Ann. der Phys. r2, 1903. 2 Everdingen, Comm. Phys. Lab. Leiden, 58. 
3 Traubenberg, Ann. der Phys. 17, 1905. * Melting-point. 


Both tables taken from Jahn, Jahrbuch der Radioactivitat und Electronik, 5, p. 166; 1908, who has collected data of 
all observers and gives extensive bibliography. 
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386 TABLES 489-491. 
RONTGEN (X-RAYS) RAYS. 


TABLE 489.— Cathode and Canal Rays. 


Cathode (negative) rays consist of negatively charged particles (charge 4.77 X 107! esu, 
1.591 X 107” emu, mass, 9 X 10° g or 1/1800 H atom, diam. 4 x 10% cm) emitted at low 
pressures in an electric discharge tube perpendicularly to the cathode (.'. can be focused) with 
velocities (10° to 10!° cm/sec.) depending on the acting potential difference. When stopped by 
suitable body they produce heat, ionization (inversely proportional to velocity squared), photo- 
graphic action, X-rays, phosphorescence, pressure. The bulk of energy is transformed into 
heat (Pt, Ta, W may be fused). In an ordinary X-ray tube carrying 10~* ampere the energy 
given up may be of the order of too cal/m. Maximum thickness of glass or Al for appreciable 
transmission of high speed particles is .oo15 cm. Maximum velocity V4 with which a cathode 
ray of velocity Vo may pass through a material of thickness d is given by Vot — V# = ad X 10%; 
a = 2 for air, 732 for Al and 2540 for Au, cm-sec. units (Whiddington, 1912). Cathode rays 
have a range of only a few millimeters in air. 

Canal (positive) rays move from the anode with velocities about 10® cm/sec. in opposite 
direction to the cathode rays, carry a positive charge, a mass of the order of magnitude of the 
H molecule, cause strong ionization, fluorescence (LiCl fluoresces blue under cathode, red under 


canal ray bombardment), photographic action, strong pulverizing or disintegrating power and | 


by bombardment of the cathode liberate the cathode rays. 


TABLE 490.— Speed of Cathode Rays. 


The speed of the cathode particles in cm/sec. as dependent upon the drop of potential to 
which they owe the speed, is given by the formula v = 5.95 VE-107. The following table gives 
values of 5.95 VE. 


Voltage 20 30 40 50 60 70 80 9 
Velocity x 1077. ..| 18.8 26.6] 32:6 | 37.6 | 42.1 |.46.r | 40.8 | 53°30) Gms 


Voltage 200 | 300 | 400 | 500 | 600 | 700 | 800 } goo | I000 
Velocity x 1077.. .| 59.5 | 84.2 | 103.1 | 119.1] 133-1] 145.8] 157.5 | 168.3] 178.6] 188. 


For voltages 1000 to 10,000 multiply 2d line by 10, etc. 


TABLE 491. — Cathodic Sputtering. 

The disintegration of the cathode in an electric discharge tube is not a simple phenomenon. 
The particles taking part in the sputtering must be either large or of high speed or both (2000+ 
gauss field required for their deviation). It depends upon the nature of the residual gas. H, N, 
CO; are not generally favorable; Ar is especially favorable, also He, Ne, Kr and Xe. Raised 
temperature favors it. The relative sputtering from various metals is shown in the following 
table (Crookes, Pr. R. S. 1891); the residual gas was air, pressure about .o5 mm Hg. 


Pd | Au} Ag | Pb | Sn | Pt | Cu} Cd| Ni| Ir | Fe} Al | Mg| Brass 


100 | 92 | 76 | 69 | 52 | 40 | 37 |. 31 | 10 | 10 mS | O | O 


For further data on cathode, canal and X-rays, see X-rays by G. W. C. Kaye, Longmans, 
1917, upon which much of the above and the following data for X-raysis based. Seealso J. J. 
Thomson, Positive Rays, Longmans, 1913. 
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RONTGEN (X-RAYS) RAYS. 
TABLE 492. — X-rays, General Properties. 


X-rays are produced whenever and wherever a cathode ray hits matter. They are invisible, 
of the same nature as, and travel with the velocity of light, affect photographic plates, excite 
phosphorescence, ionize gases and suffer deviation neither by magnetic nor electric fields as do 
cathode rays. In an ordinary X-ray tube (vacuum order 0.001 to o.or mm Hg) the cathode 
(concave for focusing, generally of aluminum) rays are focused on an anticathode of high atomic 
weight (W, Pt, high atomic weight, high melting point, low vapor pressure, to avoid sputtering, 
high thermal conductivity to avoid heating). Depth to which cathode rays penetrate, order 
of 0.2 X 107° cm in Pb, 90,000 volts (Ham, 1910), 24 X 10* cm in Al, 22,000 volts (Warburg, 
191s). Note: High speed H and He molecules (2 x 108 cm/sec.) can penetrate 0.001 to 0.006 
mm mica; He a particles (2 x 10° cm/sec.), 0.04 mm glass. 

The X-rays from an ordinary bulb consist of two main classes: 

> Heterogeneous (“general,’”’ ‘‘independent”’) radiation, which depends solely on the speed of 
the parent cathode rays. It is always present and its range of hardness (wave-lengths) depends 
on a range of speeds of the cathode rays. Its energy is proportional to the 4th power of these 
speeds. 

Bo rencous (“‘characteristic,”’ “‘monochromatic”’) radiation (K, L, M, etc. radiations, 
see Table 498 for wave-lengths), characteristic of the metal of the anticathode. Generated only 
when cathode rays are sufficiently fast. There is a critical velocity for each characteristic 
radiation from each material, proportional to the atomic weight of the anticathode. The critical 
velocity for the K radiation is Vg = A x 108, when A is the atomic weight of the radiator (e.g. 
anticathode); V; = 1/2(A — 48)108. 

The following relation has been found to hold experimentally between the voltage V through 
which the cathode particles fall and the maximum frequency v of the X-rays produced: eV 
= hy, where ¢ is the electronic charge and #, Planck’s constant. Blake and Duane (Phys. Rev. 
10, 624, 1917) found for h, 6.555 x 10°” erg second. 

As the speed of the cathode rays is increased, shorter and shorter wave-lengthed “independent” 
X-rays are produced until the critical speed is reached for the “characteristic” rays; with faster 
speeds, the cathode rays become at first increasingly effective for the characteristic radiation, 
then less so as the independent radiation again predominates. 

When cathode rays hit the anticathode some 75 per cent are reflected, the more the heavier 
its atomic weight. The chances of the remainder hitting an atom so as to generate an X-ray 
are slight; only 1/1000 or 1/2000 of the original energy goes into X-rays. If EH, and £, are the 
energies of the X and the parent cathode rays, A the atomic weight of the anticathode, 6 the 
velocity of the cathode rays as fraction of the light value (3 x 10!° cm/sec.), Beatty showed 
(Pr. R. S. 1913) that E, = E, (.51 X 104A"); this refers only to the independent radiations; 
when characteristic radiations are excited their energy must be added and the tube becomes 
considerably more efficient. No quantitative expression for the latter has been developed. 

When an X-ray strikes a substance three types of radiation result: scattered (sometimes called 
secondary) X-rays, characteristic X-rays and corpuscular rays (negatively charged particles). 
The proportions of the rays depend on the substance and the quality of the primary rays. When 
the substance is of low atomic weight, by far the greater portion of the X-rays, if of a penetrating 
type, are scattered. With elements of the Cr-Zn group most of the resulting radiation is “‘charac- 
teristic.” With the Cu group the scattered radiation (1/200) is negligible. Heavier elements, 
both scattered and characteristic X-rays. Corpuscular radiation greater, mass for mass, for 
elements of high atomic weight and may mask and swamp the characteristic radiation. Hence 
an X-ray tube beam, heterogeneous in quality, allowed to fall on different metals, — Cu, Ag, Fe, 
Pt, etc., — excites characteristic X-rays of wide range of qualities. Exciting ray must be harder 
than the characteristic radiation wished. The higher the atomic weight of the material struck 
(radiator), the more penetrating the quality of the resulting radiation as shown by the following 
table, which gives \, the reciprocal of the distance in cm in Al, through which the rays must pass 
in order that their intensity will be reduced to 1/2.7 of their original intensity. 

. TABLE 493.— Réntgen Secondary Rays. 


——— |_| ——————— | | —  — ————_ |J | | | | 


; 59.0 58.7 63.6 , 3 ‘ 87.6 | 108. 
Mintel sts <i eas avi 67. “ 193. 160. 129. é 61. 5 35.2 | 6.75 


With the radiator at 45° to the primary X-rays at most only about 50 per cent of the energy 
goes to characteristic rays and only about 1/10 of the latter escape the surface of the radiator. 
The B radiations of radioactive elements may possibly be regarded (Rutherford) asa characteristic 
radiation produced by the expulsion of the a particles. The hardness of some corresponds to the 
K and L radiations. 

For more complete data on X-rays, see X-rays, G. W. C. Kaye, Longmans, 1917, upon which 
these X-ray tables are greatly based. 
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388 TABLES 494-495. 
RONTGEN (X-RAYS) RAYS. 
TABLE 494. — Corpuscular Rays. 


_ Corpuscular rays are given off in greatest abundance when radiator emits its characteristic radiation. Intensity 
increases with atomic weight (4th power, Moore, Pr. Phys. Soc.). Greater number emitted at right angles to incident 
rays. Velocity range (6 to 8.5)10 cm/sec. vo = velocity when leaving radiator = 108(A = Atomic weight) = critical 
velocity necessary to excite characteristic radiation, therefore corpuscular rays have practically the same velocity as 
the original ee cathode rays. Are of uniform quality when excited by characteristic rays and follow exponen- 
tial law of absorption in gases. Tf A is the plaarptien coefficient and A the atomic weight, \A* = Avot = constant 
(Whiddington, Beatty). A is defined by J = Ip e-A@ where I and J o are the intensities after and before absorption and 
d the thickness of the absorptive laverincm. The following values for A in air for characteristic radiations from various 
substances are due to Sadler. (At o° C and 76 cm Hg.) 


Exciting characteristic radiation from 


Metal emitting 
corpuscles. 


TABLE 495.— Intensity of X-Rays. Ionization. 


The intensity of the radiation from an X-ray bulb is proportional to the current. Except at low voltages it equals 
Ki(v? — vo”) where 7 is the current, a the applied voltage, vo the break-down voltage and K a constant for the tube (Krénke). 
The intensity of X-rays is most accurately measured by the ionization they produce. This may be referred to the 
International Radium Standard (see Table 508). It is proportional to the 4th power of the speed of the parent cathode 
rays (Thomson), (true only of independent ys Beatty, 1913). The saturation current due to X-ray ionization is 
usually of the order of ro~!° to 10718 ampere. When X-rays pass through a substance, only once ina while is an atom 
struck, only perhaps 1 in a billion, and ionized. The ionization is probably an indirect process through the mediation 
of corpuscular rays. In the absence of secondary radiations the ionization is proportional to the mass of poi 
(that is, its pressure at constant temperature). It depends on the nature of the gas, but is little affected by the quality 
of the rays, The following results are due to Crowther, 1908. 


Ionization relative to air = 1. 


Gas of vapor. Density, Soft X-rays | Hard X-rays 


air = 1. 6mm spark. | 27 mm spark. 


Hydrorentllacttoc cs uses ee een cee ; 0.18 
Carbon dioxide COs.... : : 1.49 
Ethyl chloride CsHsCl.............. : 8. 17.3 
Carbon tetrachloride CCla,......... : 3 7. 
Ethyl bromide C2HsBr..... .78 ‘ 118. 
Methyl iodide CHsI ; 5 

Mercury methyl Hg(CHs)2 , _ 
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RONTGEN (X-RAYS) RAYS. 
TABLE 496.— Mass Absorption Coefficients, \/d. 


The quality by which X-rays have been generally classified is their “hardness” or penetrating power. It is greater 
the greater the exhaustion of the tube, but for a given tube depends solely upon the potential difference of the elec- 
trodes. With extreme exhaustion the X-rays have an appreciable effect after passing through several millimeters of 
brass or Al. The penetrability of the characteristic radiation is in general proportional to the 5th power of the atomic 
weight of the radiator. The absorption of any substance is equal to the sum of the absorptions of the individual atoms 
and is independent of the chemical combination, its physical state and probably of the temperature. Most of the 
following table is from the work of Barkla and Sadler, Phil. Mag. 17, 739, 1909. For starred radiators, L radiations 
used; for others the K. Mel itd I ‘ 

If Jo be the intensity of a parallel beam of homogeneous radiation incident normally on a plate of absorbing material 
of thickness ¢, then I = I e-At gives the intensity J at the depth x. Because of the greater homogeneity of the secondary 
X-rays they were used in the determination of the following coefficients. The coefficients X have been divided by the 
density d. 


Absorber. 
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TABLE 497.— Absorption Coefficients of Characteristic Radiations in Gases. 


The penetrating power of X-rays ranges in normal air from 1 to 10,000 cm or more. The absorptive power of £ 
cm ait = 1/820 that of water. A (see preceding table for definition) for air for soft bulb (1.5 to 5 cm spark gap, 4 to 
to m air) Fanges from .core to .0018; for hard bulb (30 em spark gap, 4 to 10 m air), 00029. (Eve and Day, Phil. 
Mag. 1912.) ‘The absorption coefficient for gases for characteristic or monochromatic radiations varies directly with 
the pressure, For different characteristic radiations it is proportional to the coefficients in air. It varies with the sth 
power of the atomic weight of the radiator. The following table is taken from Kaye’s X-rays and is based on the work 
of Barkla and Collier (Phil. Mag. 1912) and Owen, All are for the gas at 0° C and 76 cm Hg. 
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390 TABLE 498. 
X-RAY SPECTRA AND ATOMIC NUMBERS. 


Kaye has shown that an element excited by sufficiently rapid cathode rays emits Réntgen rays characteristic of 
that substance. These were analyzed and the wave-lengths determined by Moseley (Phil. Mag. 27, 703, 1914), usin 
a crystal of potassium ferrocyanide as a grating. He noted the K series, showing two lines, and the L series with several. 
He found that every element from Al to Au was characterized by integer N, which determines its X-ray spectrum; 
N is identified with the number of positive units associated with its atomic nucleus. The order of these atomic num- 
bers (NV) is that of the atomic weights, except where the latter disagrees with the order of the chemical properties, 
Known elements now correspond with all the numbers between 1 and 92 except 6. There are here six possible elements 
still to be discovered (atomic nos. 43, 61, 72, 75, 85). 

The frequency of any line in an X-ray spectrum is approximately proportional to A(N — 6)*, where A and } are 
constants. All X-ray spectra of each series are similar in structure, differing only in wave-lengths. Qx = (v/4v0); 


Qy, = (0/00) where v is the frequency of the @ line and vo the fundamental Rydberg frequency. The atomic number 
for the K series = Qx + 1 and for the L series, Q7, + 7.4 approximately. v9 = 3.29 X 1o!5 

Moseley’s work has been extended, and the following tables indicate the present (1919) knowledge of the X-ray 
spectra. 


(a) K Serres (WAVE-LENGTHS, A X 10% cM). 


Element, 304 102 
atomic (not (not 
number. separable) separable) 


@H Oe | 


on ON won 
nN 


= | 2owmxo# | 


w 


Pecos lelsbiebsels 


nN 
Isoe@slollliil 


HwWwWwW 
Or OP 


hel tebslehd 


rs) 
HNHWW LHhaAn Qo 


HOWOO fOWO Qn 


nano 
CO~n © 


Element, 
atomic 
number. 


x 


Lal 


ao 


HIITIITT Ig lg lela tl 


SMITHSONIAN TABLES. 


HNNHDHNHWWW Wowk 


SMITHSONIAN TABLES. 


TABLE 498 (continued). 


X-RAY SPECTRA AND ATOMIC NUMBERS. 
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(b) L Serres (WAVE-LENGTHS,  X 108 co). 
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X-RAY SPECTRA AND ATOMIC NUMBERS, 


(b) L Serres (WAVE-LENGTHS, A X 108 cm). | 
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Reference: Jahrbuch der Radioaktivitét und Elektronik, 13, 296, 1916. 


(d) TuNcsTEN X-RAY SPECTRUM (WAVE-LENGTHS, \ X 108 cM). 


The wave-lengths of the tungsten X-ray spectrum have been measured more frequently than those of any other 
element. The following values are perhaps the most accurate that have hitherto been published. Compton, Physical 
Review, 7, 646, 1916 (errata, 8, 753, 1916). 


Other references on the X-ray spectrum:of tungsten: Gorton, Physical Review, 7, 203, 1916; Hull, Proc. Nat. 
Acad. Sci. 2, 265, 1916; Dershem, Physical Review, 11, 461, 1918; Overn, Physical Review, 14, 137, 1919. 
The following values for tungsten are from Duane and Patterson, Phys. Rev. 16, p. 526, 1920: 


Critical Absorption wave-lengths X 108 cm. 


Ka __ .17806 La, 1.2136 La, 1.0726 Laz 1.024 

Emission wave-length X 108 cm. 

Ka, 21341 Ka, .20850 KB _ .18420 KA __.17901 

Ll 1.6756 La, 1.4839 La, 1.47306 Ly 1.4176 

LB, 1.2985 LB, 1.27892 LBs 1.2601 LB. 1.24193 LBs 1.2040 
Ly, 1.09608 Ly2 1.0655 Lyz 1.0596 Ly, 1.0261 
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4 ‘ X-RAY ABSORPTION SPECTRA AND ATOMIC NUMBERS. 


< 


A marked increase in the absorption of X-rays by a chemical element occurs at frequencies 
close to those of the X-rays characteristic of that element. The absorption coefficient is much 
greater on the short wave-length side. In the K series the a lines are much stronger than the 
corresponding 6 and y lines, but the wave-lengths of the a lines are greater. There is a marked 
increase in the absorption at wave-lengths considerably shorter than the a lines and near the 
B lines. Bragg came to the conclusion that the critical absorption frequency lay at or above 
the y of the K series. The ¥y line has a frequency about 1 per cent higher than the corresponding 

line. For the L series there are 3 characteristic marked absorption changes (de Broglie). 

The critical absorption wave-lengths of the following table are due to Blake and Duane, 
Phys. Rev. 10, 697, 1917. The equation v = vo(N — 3.5)? where v is Rydberg’s fundamental 
frequency (109,675 x the velocity of light) and V the atomic number, represents the data with 
considerable accuracy. The nuclear charge is obtained by Q = 2e(N — 3.5). 


Atomic 


Atomic 
AU number. 


aber Element. 


Atomic AU Element. 


Element. Seber! 


Bromine .9179 || Ruthenium 5594 | 52 
6 — Rhodium. . - 5324 53 


Rubidium.... .8143 || Palladium. .5075 54 
Strontium... . . 7696 i .4850 || Caesium... 55 
27255 ium.. .4632 | Barium.... 56 
.6872 ium.... -4434 || Lanthanum] 57 
Columbium..} 41 .6503 i .4242 || Cerium.... 58 
Molybdenum.| 42 .6180 || Antimony.] 51 .4005 
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Radioactivity is a property of certain elements of high atomic weight. It is an additive 
property of the atom, dependent only on it and not on the chemical compound formed nor 
affected by physical conditions controlling ordinary reactions, viz: temperature, whether solid or 
liquid or gaseous, etc. 

With the exception of actinium, radioactive bodies emit a, 8, or y rays. a rayé are easily ab- 
sorbed by thin metal foil or a few cms. of air and are positively charged atoms of helium emitted 
with about 1/15 the velocity of light. They are deflected but very slightly by intense electric or 
magnetic fields. The B rays are on the average more penetrating, are negatively charged particles 
projected with nearly the velocity of light, easily deflected by electric or magnetic fields and 
identical in type with the cathode rays of a vacuum tube. The y rays are extremely penetrating 
and non-deviable, analogous in many respects to the very penetrating Rontgen rays. These rays 
produce ionization of gases, act on the photographic plate, excite phosphorescence, produce certain 
chemical reactions such as the formation of ozone or the decomposition of water. All radio- 
active compounds are luminous even at the temperature of liquid air, 

Table 506 is based very greatly on Rutherford’s Radioactive Substances and their radiations 
(Oct. 1912). To this and to Landolt-Boérnstein Physikalisch-chemische Tabellen the reader is re- 
ferred for references. In the three radioactive series each successive product (except Ur. Y, and 
Ra. C,) results from the transformation of the preceding product and in turn produces the follow- 
ing. When the change is accompanied by the ejection of an a particle (helium, atomic weight = 4.0) 
the atomic weight decreases by 4. The italicized atomic weights are thus computed. Each pro- 
duct with its radiation decays by an exponential law; the product and its radiation consequently 
depend on the same law. I = Ige-At where Ip = radioactivity when t=O, I that at the time t, 
and A the transformation constant. Radivactive equilibrium of a body with its products exists 
when that body is of such long period that its radiation may be considered constant and the 
decay and growth of its products are balanced. 

International radium standard: As many radioactivity measures depend upon the purity of the 
radium used, in 1912 a committee appointed by the Congress of Radioactivity and Electricity, 
Brussels, 1910, compared a standard of 21.99 mg. of pure Ra. chloride sealed in a thin glass tube 
and prepared by Mme. Curie with similar standards by Hénigschmid and belonging to The 
Academy of Sciences of Vienna. The comparison showed an agreement of 1 in 300, Mme, 
Curie’s standard was accepted and is preserved in the Bureau international des poids et mesures 
at Sevres, near Paris. Arrangements have been made for the preparation of duplicate standards 
for governments requiring them. 


TABLE 500. —Relative Phosphorescence Excited by Radium. 
(Becquerel, C. R. 129, p. 912, 1899.) 


Without screen, Hexagonal zinc blende . 
pe ss Pt. cyanide of barium . 
cs sf Diamond 


ee Double sulphate Urand K | 
he Calcium fluoride d 


The screen of black paper absorbed most of the a rays to which the phosphorescence was greatly due. For the last 
column the intensity without screen was taken as unity. The y rays have very little effect. 


TABLE 501.— The Production of a Particles (Helium). 
(Geiger and Rutherford, Philosophical Magazine, 20, p. 691, 1910.) 


a. particles 


Radioactive substance (1 gram.) Helium per year. 


2.75 X 10-5 cu. mm. 
nr “& 


Uranium . Shey ie ood he dj : f 
Uranium in equilibrium with products . . i 11.0 X 10 
Thorium “ ef oS ef : : ; 3.0 XAOS eee 
Radium . eeu, : : : : 2 ° . 39 Star ase 
Radium in equilibrium with products - \ : 158 Shag, aE 


TABLE 502. — Heating Effect of Radium and its Emanation. 
(Rutherford and Robinson, Philosophical Magazine, 25, p- 312, 1913-) 


Heating effect in gram-calories per hour per gram radium. 


Radium . 


Emanation 
Radium A A 
Radium B + Cc 


Lotals are 


Other determinations: Hess, Wien. Ber. 121, p..1, 1912, Radium (alone) 25.2 cal. per hour per gram. Meyer and 
Hess, Wien. Ber. 121, p. 603, 1912, Radium in equilibrium, 132.3 gram. cal. per hour per gram. See also, Callendar, 
Phys. Soc. Proceed. 23, p. 1, 1910; Schweidler and Hess, Ion. 5, p. 161, 1909; Angstrom, Phys. ZS. 6, 685, 1905, etc. 
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B/D... 
Atomic Wt. 


Substance. | Density. 


Paraffin . 


TaBLes 603-505. 
RADIOACTIVITY. 
TABLE 503.—Stopping Powers of Various Substances for a Rays. 


s, the stopping power of a substance for the a rays is approximately proportional to the square 
root of the atomic weight, w. 


CoHe 
rey 
117, 


CoH, 
1.35 
1.44 


Al 
1.45 
1.37 


3:59 
3.86 


C5Hy2 | CoHsI 


N20 | CO, 


146) || 1:47 
1.52 


3-13 


3.00 


Bragg, Philosophical Magazine, 11, p. 617, 1906. 


CHs3Br 
2.09 
2.03 


TABLE 504,— Absorption of 8 Rays by Various Substances. 


pz, the coefficient of absorption for 8 rays is approximately proportional to the density, D. See 
Table 506 for » for Al. 


Pd 
8.0 
106 


CS2 
2.18 
1.95 


For the above data the 8 rays from Uranium were used. 
Crowther, Philosophical Magazine, 12, p. 379, 1906. 


TABLE 505-— Absorption of y Rays by Various Substances. 
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In determining the above values the rays were first passed through one cm. of lead. 
Russell and Soddy, Philosophical Magazine, 21, p. 130, 1911, 
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RADIOACTIVITY. 


T = \% period = time when body is 1% transformed. A= transformation constant = 


396 


$959 0=1/A is average life 


of radioactive atoms. Parentheses indicate feeble radiation. V is the velocity of the « or B rays relative to that of 
light. To convert to cm/sec multiply by 3X 10!® ag is the range of a particles in air 76 cm pres. o°C; at other tem- 


peratures and pressures, at = {a0 (273 + t)760} /273 p. For a-rays, V = 0.0342a”. 


Bit: ; Seed Atomic 2 - x 

adioactive ymbo ° = aM 

Element S ly period a. A (sec.-1) No. 

Weight | No.| 2 average life 
Uranium Radium Group 
Uranium I UI 238 92 | U 4.67 X 108% y 6.75 X 10% y 4.7 X 10718 I 
Uranium X, UX, 234 oo | Th 24.6d 35-.5d 3-26 X 1077 2 
Uranium X5 UX, 234 gt | Po 1.I5m 1.65 m 0.010 3 
Uranium II UII 234 92 | U 2X 108 y 3 X108y ro-!4 (?) 4 
Tonium To 230 90 | Th 6.9 X 1ofy 10} y 3.2 &% 108 5 
Radium Ra 226 88 | Ra 1690 y 2440 y 1.30 X roll 6 
Radon Rn 222 86 | Rn 3.85 d 5.55 d 2.08 XK 10-6 7 
Radium A RaA 218 84 | Po 3.0m 4.32 m 3.85 X 1073 8 
Radium B RaB 214 82 | Pb 26.8 m 38.7 m 4.30 X 1074 9 
Radium C RaC 214 83 | Bi 19.5 m 28.1 m 5.92 X 10-4 Io 
Radium C’ RaC’ 214 84 | Po Io-6s 1Io-8s 108 (?) II 
Radium D RaD 210 82 | Pb 16.5 y 23.8 y 1.33 X 10-9 12 
Radium E RaE 210 83 | Bi 5.0d 7.2d 1.61 X 10-6 13 
Radium F RaF 210 84 | Po 136d 196d 5-90 X 10-8 14 
Radium ’ RaQ’ 206 82 | Pb 15 
Radium C RaC 214 83 | Bi (1.8 X 10-7) 16 
Radium C” RaGe 210 81 | Tl 1.4m 2.0m 8.3 X 1073 17 
Radium 2” RaQ” 210 82 | Pb 18 
Actinium Group 
Uranium ? ? 92 | U 19 
Uranium Y UY ? 90 | Th 1.04 d 15d 7.8 X 10-8 20 
Protoactinium | Pa ? or | Pa 1.2 X 1ofy 1.7 X104y 1.9 X 10-12 21 
Actinium Ac ? 89 | Ac 20 y 28.8 y rr X ro0=? 22 
Radioactinium | RdAc ? 90 | Th I9o5d 28.1d ADE Xttos 23 
Actinium X AcX ? 88 | Ra trad 16.4d 7.06 X 1077 24 
Actinon An ? 86 | Rn 3-95 5.68 0.178 25 
Actinium A AcA ? 84 | Po 2.0 X 10-35 2.9 X 10-35 345. 26 
Actinium B AcB ? 82 | Pb 36.1 m 52.1 m 3.2. X to-* 27 
Actinium C AcC i 83 | Bi 2.15 m 3.10 m 5.37 X 10-3 28 
Actinium C’” AcC” ? Sr aul 4.71 m 6.83 m 2.44 X 10-3 20 
Actinium Q’” AcQ” fe 82 | Pb 30 
Thorium Group 
Thorium Th 232 90 | Th 1.31 X 10l0y 1.89 X 10l0y 1.68 X 10718 31 
Mesothorium 1 |} MsThr 228 88 | Ra 6.7 y 9.67 y 3.28 X 10-9 32 
Mesothorium 2 | MsTh2 228 89 | Ac 6.2h 8.9 h 3-12 X 10-5 33 
Radiothorium RaTh 228 90 | Th 2.02 y 2.91 y 1.09 X 10-8 34 
Thorium X Thx 224 88 | Ra 3.64 d 5.25d 2.20 X 10-8 35 
Thoron Tn 220 86 | Rn 548 78S 0.0128 36 
Thorium A ThA 216 84 | Po 0.14 S 0.205 5.0 37 
Thorium B ThB 212 82 | Pb 10.6 h 15.3h 1.82 X 10-5 38 
Thorium C ThC 212 83 | Bi 6c m 87 m 1.92 X ro-4q 39 
Thorium C’ ThC’ 212 84 | Po Io-lls 1o-lls toll (?) 40 
Thorium Tha’ 208 82 | Pb 41 
Thorium C ThC 212 83 | Bi (6.7 X 1075) 42 
Thorium C’’ The” 208 81 | Tl 3-Im 4.5m 3-70 X 197-3 43 
Thorium 0” Tho” 208 82 | Pb 44 
Potassium K 30.1 19 | K 45 
Rubidium Rb 85.5 37 | Rb 46 
I 
Notes. — (1) 1 g Uemits 2.37 X 104 a-particles per sec. (3) also called Brevium; (7) also called Radium Emanation 


and Niton; inert gas, dens. r11 H; boils —65° C, condenses low pressure —150° C. (10) has double disintegration; 
99.07% emits B-rays and give RaC’; rest, a-rays and give RaC”; (12) radiolead; (14) Polonium; (15) lead; (17) also 
called radium Cy; (18) hypothetical; (21) also called ekatantalum; Uranium Z, isotopic with Pa accompanies Ur in mi- 
nute quantities; period 6-7 h; B-radiation; (25) also called act. emanation, inert gas, condenses between —120 and 
—150° C; (29) also called act. D; (36) also called th. emanation, inert gas. 
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RADIOACTIVITY. 


Meal is the absorption coefficient of the B-rays in Al, thickness measured in cm.; AYAl and * Pb ditto for y-rays in Al 
and Pb, unit the cm; the latter is given only for the most penetrating type of y-rays. If Ip is the initial intensity and 


I the intensity after the rays have traversed x cm of the absorbent then, I = Ipe _*; logypIp/I = 0.4343 mx. If Dis 
the thickness corresponding to the absorption of 42 the rays then Du = 0.693. (Adapted from report of International 
- Committee on Chemical Elements, 1923; J. Am. Ch. Soc. 45, p. 867, 1923. Col. 4 is from Geiger, Z. fur Physik, 1921.) 


_ 


No. of 
ion 

pairs 
X 105 


No. | Radiation | ao V for a and 8 radiations MBAL MAL 4 Pb 


Uranium Radium Group 


I a 2.37 1.33 0.056 
2 B 463 | 
3 B (y) 14.4 24; 0.7;0.14 | 0.72, 
4 a 2.75 1.43 0.0479 
ie a 2.85 1.46 0.0485 | 
6 a (B+y) | 3.13 1.52 @ 0.0500; B 0.52; 0.65 312 354; 16; 0.27 
7 a 3.04 T.75 0.0540 
8 a 4.50 1.87 0.0565 
9 B (y) 0.36; 0.41; 0.63; 0.70; 0.74; 13.1; 80 230; 40; 0.51 
To 99.97 %B+y 0.786; 0.862; 0.949; 0.957 13.2} 53 O.115 0.50 
Il a 6.57 2.37 0.0641 
12 | (6 and y) 0.33; 0.39 5500 45; 0.09 
IR B 43-3 
14 a (y) 3.58 1.67 0.0523 585 
15 — | 
| 
16 | .03%.@ ? 
| 17 B | 
| 18 —— iI 
| Actinium Group i 
| 1 
19 a | 
20 B about 300 
21 a 3-314 | 1.60 0.0510 
22 _— 
23 a (B) 4.36 1.87 @ .0550; B 38; -433 -49; -53; -60; about 170 | 
-07; -73 
24 a 4.17 1.78 0.0550 
25 a 5.40 OEE ih 0.0600 
26 a 6.16 2.28 0.0627 
| 27 | (Band y) Very large 120; 31; 0.45 
28 a 5.12 2.05 0.0589 
29 B and y 28.5 0.198 I.2—1.8 
' 30 
1 
Thorium Group 
; 0.0469 
5374-305 -433)-505/-575-00;/.00; .70 20.2 to 38.5 | 26; 0.116 0.62 
@ 0.0527; B 0.47; 0.51 
0.0546 
0.0574 
0.600 
0.63; 0.72 IIo 160; 32; 0.36 
C + C’: 0.29; 0.36; 0.93 to 0.95 14.4 
0.0688 
0.0572 
See Thorium C 21.6 0.006 0.46 
22 to 38 
308 to 347 


Notes: (38) ThC has double disintegration; 65% of atoms emit B-rays and produce ThC’ having a-1ays; 35% emi 
a-rays and give ThC” having 8 rays; (41) 469 corresponds to V 0.0572 directly measured; (42) also called ThD. Paren- 
theses indicate relatively feeble radiation. 
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RADIOACTIVITY. 


TABLE 507. — Total Number of Ions produced by the a, 8. and y Rays. 


The total number of ions per second due to the complete absorption in air of the B rays due to 1 
gram of radium is 9 X1ol4, to the y rays, 13 X10". 

The total number of ions due to the a rays from 1 gram of radium in equilibrium is 2.56 X10". 
If it be assumed that the ionization is proportional to the energy of the radiation, then the total] 
energy emitted by radium in equilibrium is divided as follows: 92.1 parts to the a, 3.2 to the B, 47 
to the y rays. (Rutherford, Moseley, Robinson.) 


TABLE 508.— Amount of Radium Emanation. Curie. 


At the Radiology Congress in Brussels in 1910. it was decided to call the amount of emanation 
in equilibrium with 1 gram of pure radium one Curie. [More convenient units are the millicurie 
(1o~*Curie) and the microcurie (to—’Curie)]. ‘The rate of production of this emanation is 1.24 X10—® 
cu. cm. per second. The volume in equilibrium is 0.59 cu. mm. (760 cm., O°C.) assuming the emana- 
tion mon-atomic. 

The Mache unit is the quantity of Radium emanation without disintegration products which 


produces a saturation current of 10—8 unit in a chamber of large dimensions. 1 curie = 2.5 109 
Mache units. 


The amount of the radium emanation in the air varies from place to place; the amount per cubic — 


centimeter of air expressed in terms of the number of grams of radium with which it would be in 
equilibrium varies from 24X10—" to 350XI0—"*. 


TABLE 509,—Vapor Pressure of the Radium Emanation in cms. of Mercury. 


(Rutherford and Ramsay, Phil. Mag. 17, p. 723, 1909, Gray and Ramsay, Trans. 
Chem. Soc. 95, p. 1073, 1909.) 


Temperature C°. —127° —r1o1r° —65° —56° —r0° +17° +49° +73° +100° +104° (crit) 
Vapor Pressure. 0.9 5 76 100 500 1000 2000 3000 4500 4745 


TABLE 510, — References to Spectra of Radioactive Substances. 


Radium spectrum : Demargay, C. R. 131, p. 258, 1900. : 
Radium emanation spectrum: Rutherford and Royds, Phil. Mag. 16, p. 313, 1908; Watson, Proc. 
Roy. Soc. A 83, p. 50, 1909. 

Polonium spectrum : Curie and Debierne, Kad. 7, p. 38, 1910, C. R. 150, p. 386, 1916 
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TABLE 511.— Molecular Velocities. 


The probability of a molecular velocity x is (4/ Vr) xte-2, the most probable velocity being taken as unity. The 
number of molecules at any instant of speed greater than c is 2V (hm/3)3 { tf e-hme? de + cevhmes | (see table), 
where WV is the total number of molecules. The mean velocity G (sq. rt. of mean sq.) is proportional to the mean 


kinetic energy and the pressure which the molecules exert on the walls of the vessel and is equal to 15,800 /T/m cm/sec, 
where T is the absolute temperature and m the molecular weight. The most probable velocity is denoted by W, the 
average arithmetical velocity by Q. 


G=W V3/2 =1.225W; Q = W V 4/7 =1.128W; G =2 V31r/8 = 1.08622. 


The number of molecules striking unit area of inclosing wall is (1/4)NQ (Meyer’s equation), where N is the number 
of molecules per unit volume; the mass of gas striking is (1/4)pQ where p is the density of the gas. For air at normal 
pressure and room temperature (20° C) this is about 14 g/cm?/sec. See Langmuir, Phys. Rev. 2, 1913 (vapor pres- 
sure of W) and J. Amer. Ch. Soc. 37, 1915 (Chemical Reactions at Low Pressures), for fertile applications of these latter 
equations. The following table is based on Kinetic Theory of Gases, Dushman, Gen. Elec. Rey. 18, 1915, and Jeans, 
Dynamical Theory of Gases, 1916. 


Sq. rt. mean sq. Arithmetical average velocity, 
G X 10% cm/sec. |. Q X 10-2 cm/sec. 


° | ro00° | 1500° | 2000° | 6000° 


855 | 1047 | 1209 | 2004 

: 655 8 d 111s | 1367 | 1577 | 2734 

Argon 5 428 2 8 720 892 | 1030 | 1784 
Carbon monoxide. . ; 511 870 | 1065 | 1230 | 2130 
408 694 850 981 | 1700 

1358 2300 | 2840 | 3270 | 5680 

1904 3241 | 3970 | 4583 | 7940 

296 8 502 618 712 | 1236 

QI 325 | 308} 450 | 796 

Molybdenum : — 469 575 664 | I150 
Neon P 605 1030 | 1260 | 1460 | 2520 
i : SII 869 | 1064 | 1229 | 2128 
Oxygen : 478 440 813 996 | 1150 | 1992 
Tungsten _ — 339 416 480 832 
Water vapor....... 5 637 587 1084 | 1317 | 1533 | 2634 
236 267 190 218 400 493 570 986 


Free electron, molecular weight = 1/1835 when H = 1; G= 1.114 X 107 at o° C and Q. = 1.026 X 107 
ato°C. 


TABLE 512.— Molecular Free Paths, Collision Frequencies and Diameters. 


The following table gives the average free path L derived from Boltzmann’s formula u (.3502p{2), u being the vis- 
cosity, p the density, and from Meyer’s formula u(.3097pQ). Experimental values (Verh. d. Phys. Ges. 14, 596, 1912; 
15, 373, 1913) agree better with Meyer’s values, although many prefer Boltzmann’s formula. As the pressure decreases, 
the free path increases, at one bar (ordinary incandescent lamp) becoming 5 to 10 cm. The diameters may be deter- 
mined from L by Sutherland’s equation {r.402/ V20N L(r1 + C/ T)}3, N being the number of molecules per unit 
vol. and C Sutherland’s constant; from van der Waal’s b. {30/ 2N Vart}3; from the heat conductivity k, the specific 
heat at constant volume cv, { 146pGcv/NRS4 (Laby and Kaye); a superior limit from the maximum density in solid 
and liquid states (Jeans, Sutherland, 1916) and an inferior limit from the dielectric constant D, {(D — 1)2/7N \3s 
or the index of refraction n, {(n2 = ‘Gent The table is derived principally from Dushman, l.c. 


L X 108 (cm) 103 X Molecular diameters (cm): 
Average free path.* Collision 
frequency. imiting 
quency Krew TC Fee Limiting 
(vis- | van der 


; 3, | conduc-} Max. 
are hs S| tivity density 
k p 


Boltzmann. Meyer. 


Gn G 20° C 


6.60 
9.88 
Q. 23 
6.15 
27.45 
17.44 


(14.70) 


HROOHD ND 


Ss. 
8. 
8. 
Be 
Re 
6. 
9. 


— 
PNWwOWWNHNWW HD 


Mercury 
Nitrogen 
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* Pressure = 10° bars = 106 dynes + cm? = 75 cm Hg, 
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TABLE 513.— Cross Sections and Lengths of Some Organic Molecules. 


According to Langmuir (J. Am. Ch. Soc. 38, 2221, 1916) in solids and liquids every atom is chemically combined 
to adjacent atoms. In most inorganic substances the identity oi the molecule is generally lost, but in organic com- 
pounds a more permanent existence of the molecule probably occurs. When oil spreads over water evidence points 
to a layer a molecule thick and that the molecules are not spheres. Were they spheres and an attraction existed be- 
tween them and the water, they would be dissolved instead of spreading over the surface. The presence of the -COOH, 
—CO or —OH groups generally renders an organic substance soluble in water, whereas the hydrocarbon chain decreases 
the solubility. When an oil is placed on water the —COOH groups are attracted to the water and the hydrocarbon 
chains repelled but attracted to each other. The process leads the oil over the surface sntil all the -COOH groups 
are in contact if possible. Pure hydrocarbon oils will not spread over water. Benzene will not mix with water. When 
a limited amount of oil is present the spreading ceases when all the water-attracted groups are in contact with water, 
If weight w of oil spreads over water surface A, the area covered by each molecule is AM/wN where M is the molec- 
ular weight of the oil (O = 16), N, Avogadro’s constant. The vertical length of a molecule / = M/apN = W/pA 
where p is the oil density and a the horizontal area of the molecule. 


Cross Cross ; | 
section section | / in cm 


Substance. Substance. in (length) | 


i ; Cetyl alcohol C1sH330H 
| Stearic acid Ci7H3sCOOH F Myricyl alcohol CsoHs10H 
Cerotic acid C2sHs1COOH ‘ Cetyl palmitate CisHs1COOCisHsz . 
Oleic acid Ci7H3sCOOH ? Tristearin (CisH35O2)3C3sHs 
Trielaidin (CisH3302)3CsHs 
inc 6 : Triolein (CisH3302)3CsHs 
Ricinoleic acid Ci7H32(O0H)COOH.. . . i Castor oil (C17H32(0H)COO)sCsHs. 
Linseed oil (Ci7H31COO)sCsHs..... 


TABLE 514. — Size of Diffracting Units in Crystals. 


__The use of crystals for the analysis of X-rays leads to estimates of the relative sizes of molecular magnitudes. The 
diffraction phenomenon is here not a surface one, as with gratings, but one of interference of radiations reflected from 
the regularly spaced atomic units in the crystals, the units fitting into the lattice framework of the crystal. In cubical 
crystals {roo} this framework is built of three mutually perpendicular equidistant planes whose distance apart in 
crystallographic parlance is dioo. This method of analysis from the nature of the diffraction pattern leads also to a 
Spe nee of the structure of the various atoms of the crystal. See Bragg and Bragg, X-rays and Crystal Structure, 
1918. 


Molecules or 


Elementary . ‘ rasan 
diffracting element. Side of cube. noma 2 unit 


ie) 


Face-centered cube * 
“ “ a3 


m 
x 
x 
x 
x 
x 
x 


Body-centered cube 
Face-centered cube 
Body-centered cube 


Face-centered cube 


.  * Each atom is so nearly equal in diffracting power (atomic weight) in KCl that the apparent unit diffracting element 
is a cube (simple) of } this size. Elementary body-centered cube, — atom at each corner, one in center; e.g., Fe, Ni (in 
art), Na, Li? Elance face-centered cube, — atom at each corner, one in center of each face; e.g., Cu, Ag, Au, 
b, Al, Ni (in part), etc. Simple cubic lattice, — atom in each corner. Double face-centered cubic or pated lattice 
—C (diamond); Si, Sb, Bi, As?, Te?. 
t+ Diamond lattice, t Cubic-holohedral. § Cubic-pyritohedral. 
Metals taken from Hull, Phys. Rev. 10, p. 661, 1917 
{ See Table 528 for best values of calcite and rock-salt grating spaces. 


Note: — (Hull, Science 52, 227, 1920). Ca, face-centered cube, side 5.56 A, each atom 12 neighbors 3.93 A distant. 
Ti, centered cube, cf. Fe, side 3.14 A, 8 neighbors 2.72 A. Zn, 6 nearest neighbors in own plane. 2.67 A, 3 above, 3 
below, 2.92 A. Cd, cf. Zn, 2.98 A, 3.30 A. In, face-centered tetragonal, 4 nearest 3.24 A, 4 above, 4 below, 3.33 A. 
Ru, cf. Zn, 2.69 A, 2.64 A. Pd, face-centered cube, side 3.92 A, 12 neighbors. 2.77 A. Ta, centered cube, side 
3-27 A, 8 neighbors 2.83 A. Ir, face-centered cube, side 3.80 A, 12 neighbors, 2.69 A (A =1078 cm). 


Note: — (Bragg, Phil. Mag. 40, 169, 1920). Crystals empirically considered as tangent spheres of diameter in table, | 


atom at center of sphere. When lattice known allows estimation of dimensions of crystal unit. Table foot of next page 
(atomic numbers, elements, diameter in Angstroms, 10 8 cm). 
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TABLE 515. 401 
ELECTRONS, PROTONS, ATOMIC STRUCTURE, MAGNETIC FIELD 
Ad OF ATOMS. 


Free negative electron: elmer J. J. Thomson); mass = 8.99 X 10—%8g = 1/1848 H atom, probably all of elec- 
trical origin due to inertia of self-induction. : Aire é 

Theory shows that when speed of electron = 1/1o velocity of light its mass should be appreciably dependent upon 
that speed. If mp be mass for small velocity 2, m be the transverse mass for v, v/ (velocity of light) = 6, then m =mo 


(1 — B2)?, Lorentz, Einstein; 


for B = 0.01 0.10 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
m/my = 1.00005 1.005 1.02 1.048 1.001 1.155 1.250 1.400 1.667 2.204 


(Confirmed by Bucherer, Ann. d. Phys. 1909, Wolz, Ann. d. Phys. Radium ejects electrons with 3/10 to 98/100 velocity 
of light.) m, due to charge = 2E?/3a, E = charge, a = radius, whence radius of electron = 2 X 10-13 cm= 1/50,000 
atomic radius. Cf. (radius of earth)/(radius of Neptune’s orbit) = 1/360,000. 

Evidence from collisions of a-particles indicate that the diameter of the electron cannot be greater than 4 X 10-13, 
(Chadwick and Bieler, Phil. Mag. 1921.) 


Positive Electron or Proton : boas extraordinarily small, never found associated with mass less than that of the H 
atom; mass 1.65 X 10~%4g. If mass all electrical, radius must be 1/2000 that of the electron. No experimental evidence 
as with the latter since high enough speeds not available. Penetrability of atom by f-particle (may penetrate 10,000 
atomic systems before it happens to detach an electron) and a-particles (8,000 times more massive than — electron, pass 
through 500,000 atoms without apparent deflection by nucleus more than 2 or 3 times) shows extreme minuteness. 
Upper limit: not larger than 1o~!? cm for Au (heavy atom) and 10-18 for H (light atom) (Rutherford). Cf. (radius sun) 
/(radius Neptune’s orbit) = 1/3000, but sun is larger than planets. (Hg atoms by billions may pass through thin- 
walled highly-evacuated glass tubes without impairing vacuum, therefore massive parts of atoms must be extremely 
small compared to volume of atom.) 


Rutherford Atom : Atoms of all elements are somewhat similarly built. At the centera + charged nucleus of minute, 
dimensions, responsible for most of the mass of the atom; this is surrounded by a distribution of electrons held in equilib- 
rium by the force from the nucleus. Resultant nuclear charge = atomic or ordinal no., varies from 1 for H to 92 for U. 
These atomic nos. represent the number of planetary electrons which surround the nucleus. By the action of light, the 
electric charge, bombardment by a-particles, one or more of the planetary electrons may be driven away from the nu- 
cleus; by X-rays or the swift B-rays some of the more strongly bound may be removed. New electrons are generally soon 
captured to replace these. The nucleus is much more stable and when disrupted (radioactive changes, bombardment 
with a-particles) shows no tendency to revert to original state. ; 

Risley (Phil. Mag. 26, 1912; 27, 1914) photographed and analyzed X-ray spectra, showing their exact similarity in 
structure from element to element, differing only in frequencies, the square roots of these frequencies forming an arith- 
metical progression from element to element. Moseley’s series of increasing X-ray frequencies is with one or two excep- 
tions that of increasing atomic weights, and these exceptions are less anomalous for the X-ray series than for the atomic- 
weight series. It seems plausible then that there are 92 elements (from H to U) built up by the addition of some electri. 
cal element. Moseley assigned successive integers to this series (see Table 531) known now as atomic numbers. 

Moseley’s discovery may be expressed in the form 


sty 2 hy Be 
No E, Ay E,? 


where E is the nuclear charge and A the wave-length. Substituting for the highest frequency line of W, A, = 0.167 
-X 10-8cm (Hull), E. = 74 = Nw, and EZ; = 1, then A;= highest possible frequency by element which has one + elec- 
tron; A, = 91.4 mu. Now the H ultra-violet series highest frequency line = 91.2 mu (Lyman); i.e., this ultra-violet line 
of His nothing but its K X-ray line. Similarly, it seems equally certain that the ordinary Balmer series of H (head at 
_ 365 mp) is its L X-ray series and Paschen’s infra-red series its M X-ray series. .. 
The application of Newton’s law to Moseley’s law leads to E;/E2 = d»/a;, where the a’s are the radii of the inmost — 
electronic orbits, i.e., the radii of these orbits are inversely proportional to the central charges or atomic numbers. 
There are other negative electrons on the nucleus with corresponding + charges to make the atom neutral electrically. 
_ The negative nuclear charges may serve to hold the positive ones together. He, atomic no. = 2, has two free +- charges, 
on nucleus; the ‘cus has 4 + protons held together by 2 — electrons with 2 — electrons outside nucleus. H has one 
+ proton and one — electron. 
; T the — electron is designated as e (charge — 1, mass negligible) and the + proton as p (charge + 1, mass 1 except in 
Hi) then the formula for the nucleus of any element from He to U may be written as (poe)n(pe)n where N is the atomic 
_ number and n has values from o to 54. If n be taken as —1, then H may be included. (Masson, Phil. Mag. 41, 1921.) 
If brackets are used to designate the nucleus, then the complete element becomes [( Dae )a(pehs) ex. In the formation of 
ions only the part exterior to the brackets is affected. For the a-transformation (emission of + charged He nucleus) 
2(pre) = (P2e) 7, the sub-chemical equation may be written [(pze)n(pe)n] ex = [(P2e)n—2(pe)alew + (Poe)o7 (He nu- 
cleus); the new elements upon discharge of its — charge becomes [(pze)x—2(pe)n] en—2 showing the characteristic a-ray 
change with the atomic weight lowered by 2 and the mass by 4. The f-ray 2(pe)= (poe) +-e7 gives the equation 
-[(Pge)x(pe)nlex =[(p2e)n+1(pe)n—2] ex -+e 7, mass uncharged and forms the singly — charged ion of an isobar. 


‘7] 


(This Table supplements Table 514.) 


3Li 3.00 13 Al 2.70 25 Mn _ 2.o9st 36 Kr 2.35" 54 Xe 2.70% 
4Gl_ 2.30 14Si 2.35 26Fe 2.80 37 Rb 4.50 55 Cs 4.75 
GG) 2.54 16S 2.05 B70) 2875 38 Sr 3.90 56 Ba 4.20 
t 7N_ 1.30 17 Cl 2.10 28 Ni 2.70 47 Ag 3.55 81 Tl 4.50 
80 1.30 183A 2.05" 29 Cu 2.75 48 Cd 3.20 82 Pb 3.80 
Oe - 2.35 IoK 4,15 30 Zn 2.65 50Sn_ 2.80 83 Bi 2.06 
toNe_ 1.30* 20 Ca 3.40 33 As 2.52 51 Sb 2.80 
tr Na 3.55 22 Ti 2.80 34Se 2.35 52 Te 2.65 
12 Mg 2.85 24 Cr 2.80f 35 Br 2.38 53 1 2.80 
* Outer electron shell, 7 Cr, “electronegative,” 2.35; Mn., ditto, 2.35. 


Broughall (Phil. Mag. 41, p. 872, 1921) computes in the same units from Van der Waal’s constant “b” the diameters 
of He, N, A, Kr, and X as 2.3, 2.6, 2.0, 3.1, and 3.4. These inert elements correspond to Langmuir’s completely filled 
successive electron shells. The corresponding atomic numbers are 2, 10, 18, 36 and 54. For Langmuirs theory see J. 

m. Ch. Soc., p. 868, 1919, Science 54, p. 59, 1921. 
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LANGMUIR ATOM. BOHR ATOM. ATOMIC MAGNETIC FIELD. 


From the emission of nuclear a-particles, 2(pye) = p4es, it seems probable that the nuclei are compounds of He and H 
nuclei. By the bombardment of the nuclei of atoms up to atomic number 4o with a-particles Rutherford has obtained H 
but only where H and He nuclei should both occur in the nucleus (Bo, N, Fl, Na, Al, P). Harkins has developed this 
idea (J. Franklin. Inst. 194, 213 et seq., 1922) and shown the much greater frequency in nature of the even-atomic num- 
bered elements (97.6 per cent in stony meteorites, 99.2 Fe meteorites, 85.6 lithosphere, 5 unknown elements all odd, even 
radio-active most stable). Elements below atomic number 30 make up 99.099 per cent of all meteorites, 99.85 igneous 
rocks, 99.95 shale, 99.95 sandstones, 99.85 lithosphere. The stability of the He nucleus may be judged by the energy set 
free in the formation of He from H. According to “relativity’’ 1 g-mass = 9 X 10% ergs (E = mc?). The change of 
mass involved in the formation of 1 g-atom of He (4.000 g) from 4 g-atoms of Hy (4 X 1.0078 g) = 2.81 X 10!% ergs = 
6.71 X to" calories. 1 lb. Hy changed to He equals heat from 10,000 tons coal. The nuclei of light even numbered 
atoms (most abundant isotope) up to Fe (26) almost wholly of He nuclei. Toa 1st approximation the a-particle behaves 
in collision like an elastic oblate spheroid, semi-axes, 8 & 10-!3 and 4 X 10-13 cm. (Chadwick, Bieler, P. M. 1921). 

The theory of the arrangement of the extra-nuclear electrons has followed two developments: The physicist, to explain 
radiation phenomena, desires a planetary type of atom (Bohr atom); the chemist, for stereochemical phenomena, one 
with electrons not in co-planar revolution, rather vibrating in 3-dimensional position (Langmuir atom). 

Langmuir atom (J. Am., Ch. Soc. 41, 868, t919) postulates a 3-dimensional more or less symmetrical arrangement of the 
extra-nuclear electrons in concentric shells containing successively, when complete 2, 8, 8, 18, 18, 32 (N = 2(12 + 2? + 
22 + 32 + 32-++ 42+). No outer layer has electrons until the inner have their quota. The electrons in the outer shell 
determine the valence and the chemical and electrochemical properties of the element. ‘This device very satisfactorily 
accounts for many chemical structures and reactions. The following table shows the arrangement of the electrons from 
shell to shell. N gives the number in the inner completed shells; E, the number (valence electrons in the outer shell). 


Bohr Atom: (Phil. Mag. 26, 1, 476, 857, 1913; 20, 332, 1915; 30, 304, 1915). The experimental facts and the law 
of circular electronic orbits limit the electrons to orbits of particular radii. When an electron is disturbed from its. 
orbit, e.g., struck out by a cathode ray, or returns from space to a particular orbit, energy must be radiated. It is sug- 
gestive that the emission of a B ray requires a series of y ray radiations. H does not radiate unless ionized and then 
gives out a spectrum represented by Balmer’s formula »y = N(1/n,2 — 1/n?) where v is the frequency, NV, a constant, 
and my for all the lines in the visible spectrum has the value 2, m, the successive integers, 3, 4, 5,...; 1f m = 1 and n, 
25/3) ek ., Lyman’s ultra-violet series results; if my = 3, m, 4, 5, 6,..., Paschen’s infra-red series. These considera- 

e 


tions Bohr to his atom and he assumed: (a) a series of circular non-radiating orbits governed as above; (b) radia- 
tion taking place only when an electron jumps from one to another of these orbits, the amount radiated and its frequency 
being determined by hv = A, — A», hk being Planck’s constant and A, and A, the energies in the two orbits; (c).the 
various possible circular orbits, for the case of a single electron rotating around a single positive nucleus. to be deter- 
mined by T = (1/2)rhn, in which f is a whole number, n is the orbital frequency, and T is the kinetic energy of rotation. 

The remarkable test of this theory is not its agreement with the H series, which it was constructed to fit, but in the 
value found for N. From (a), (b), and (c) it follows that N = (2m%e2H2m)/h3 = 3.204 X 1015, within 1/10 per cent of 
the observed value (Science, 45, p. 327). 

The radii of the stable orbits = 72h?/4m?me4, or the radii bear the ratios 1, 4,9, 16, 25. If normal H be assumed to be 
with its electron in the inmost orbit, then 2a = 1.1 X 10-8; best determination gives 2.2 X ro—§. The fact that H 
emits its characteristic radiations only when ionized favors the theory that the emission process is a settling down to 
normal condition through a series of possible intermediate states, i. e., a change of orbit is necessary for radiation. That 
in the stars there are 33 lines in the Balmer series, while in the laboratory we never get more than 12, is easily explica- 
ble from the Bohr theory. 

Bohr’s theory leads to the relationship v Kip = Ra = * he (see X-ray tables), Rydberg-Schuster law. 


For further development, see Sommerfeld, Ann. d. Phys. 51, 1, 1916, Paschen, Ann. d. Phys., October, 1916; Harkins, 
Recent work on the structure of the atom, J. Am. Ch. Soc, 37, p. 1396, 1915; 39, p. 856, 1916. 


Magnetic field of atom: From the Zeeman effect due to the action of a magnetic field on the radiating electron the 
strength of the atomic magnetic field comes out about 108 gauss, 2000 times the most intense field yet obtained by an 
electromagnet. A similar result is given by the rotation of a number of electrons, Aro®, where A is the atomic weight; 
for Fe this gives 108 gauss. For other determinations, see Weiss (J. de Phys. 6, p. 661, 1907; 7 Pe 2409, 1908), Ritz 
(Ann. d. Phys. 25, p. 660, 1908), Oxley (change of magnetic susceptibility on crysta lization, Phil. Tr. Roy. Soc. 215, 
Pp. 95, 1915) and Merritt (fluorescence, 1915); Humphreys, “‘The Magnetic Field of an Atom,” Science, 46, p. 276, 1917. 
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Note: The phenomena of Electron Emission, Photo-electric Effect and Contact (Volta) Potential treated in the 
subsequent tables are Soonigd sensitive to surface conditions of the metal. The most consistent observations have 
been made in high vacua with freshly cut metal surfaces. 


TABLE 516. Electron Emission from Hot Metals. 


Among the free electrons within a metal some may have velocities great enough to escape the surface attraction. 


The number ” reaching the surface with velocities above this critical velocity = N(RT/ 2mM)te-RP where N = 
‘number of electrons in each cm? of metal, R the gas constant (83.15 X 108 erg-dyne), T the absolute temperature, M 
the atomic weight of electron (.000546, O = 16), w the work done when a “gram-molecule” of electrons (6,06 X 1078 
electrons or 96,500 coulombs) escape. It seems very probable that this work is done against the attraction of the 
electron’s own induced image in the surface of the conductor. When a sufficiently high + field is applied to escaping 
electrons so that none return to the conductor, then the saturation current has been found to follow the equation 


i =aVTe/T, 
assuming W and w constant with the temperature; this is equivalent to the equation for m just given and is known as 
Richardson’s equation. In the following table due to Langmuir (Tr. Am. Electroch. Soc. 29, 125, 1916) i2000 = satura- 


tion current per cm? for T = 2000 K°; @ = w/F = Rb/F = work done when electrons escape from metal in terms of 
equivalent potential difference in volts; F = Faraday constant = 96,500 coulombs. 


Metal. £ 2000 


amp/cm? (volts). 


i i oe a) 


Molybdenum............... 
Carbon (untreated)......... 
MERTEN f5/27< 0.0: sracel avin ieteynien see 
Platinum f......0.c00cc00.- 
BaO-SrO, Pt-6 % Ir core..... 


VUE HH OD 


PenwAALROLH 
Np nb Howan 


* Best determined value of table, pressure less than 10-7 mm Hg. t Schlichter, rors. 
TABLE 517. Photo-electric Effect. 


_ A negatively charged body loses its charge under the influence of ultra-violet light because of the escape of nega- 
tive electrons freed by the absorption of the energy of the light. The light must have a wave-length shorter than some 
limiting value Ao characteristic of the metal. The emission of these electrons, unlike that from hot bodies, is independ- 
ent of the temperature. The relation between the maximum velocity v of the expelled electron and the frequency v 
of the light is (r/2)mv? = ky — P (Einstein’s equation) where h is Planck’s constant (6.58 X 10727 erg. sec.); iv some- 
times taken as the energy of a “quanta,’’ P, the work which must be done by the electron in overcoming surface forces. 
_(1/2)mv2 is the maximum kinetic energy the electron may have after escape. Richardson identifies the P of Einstein’s 
4 ula with the w of electron emission of the preceding table. The minimum frequency vo (corresponding to maxi- 
‘mum wave-length Ao) at which the photo-electric effect can be observed is determined by ivy =P. P applies to a 
‘single electron, whereas w applies to one coulomb (6.062 X 10% electrons); therefore w = NP = .co399v0ergs. $ = 
(12.4 age aes See Millikan, Pr. Nat. Acad. 2, 78, 1916; Phys. Rev. 7, 355, 1916; 4, 73, 1914; Hennings, 

ev. 4, 228, 1914. 


TABLE 518. Ionizing and Resonance Potentials of the Elements. 
(Abridged by permission from ‘* Origin of Spectra, ’’ Foote and Mohler, 1922) 


When electrons are accelerated through gases or vapors (especially monatomic gases of small electron affinity and 
metallic vapors), at well-defined velocities a large transfer of energy takes place between the moving electrons and the 
gas atoms. Below the critical value the collision is elastic. In general two types of inelastic encounters occur: the 

rst, accompanied by the emission of the radiation of a single spectrum line at a potential called the resonance potential, 
‘Yr; an outer electron of the atom then undergoes an interorbital transition; the relation hy = eVr holds where v is the 
frequency of the radiation and h Planck’s quantum. The energy absorbed at the resonance is not enough to completely 
at an electron but only displaces it to an outer orbit. e.g., in the alkali group the electron is displaced from the 1s to 
the 2p orbit, the first energy level outside. In returning the energy emitted has the frequency 1s-2p; there may be more 
than one resonance potential due to other displacements. The second type of encounter completely removes an electron 
and ionizes the gas (ionization potential Vi). This potential in general satisfies a relation hy = eV except that now v 
corresponds to the highest convergence frequency in the arc spectrum of the material (monatomic vapor), to the limit of a 
Series the first line of which corresponds to the resonance potential. In the case of the ionization potential the electron 
may return by a variety of interorbital transitions, each resulting in an emission of a quantum of wave-number v, subject 
to the conservation of energy condition: %hc?vk = eVizo®. With numerous atoms and electrons returning to equilib- 
tium in different manners, there results the composite result of the emission of the complete arc spectrum. 


: Resonance Volts Tonization Volts 
Atomic 

Number; 
Element 


Computed | Observed Computed Observed 


3 Li 1.840 - 43,486 5.368 
tr Na : 2.005 I 41,449 5.116 
19K 1.610 55 35,000 4.321 
29 Cu 3.800 62,308 7.692 
37 Rb 1.582 : 33,080 4.158 
47 Ag 3.762 61,006 7.542 
55 Cs 1.448 : 31,405 3.877 
79 Au ee 70,000? 8 to 9? 


> au 
w 


ice 
re) 


(For conclusion of Table, see page 442). 
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CONTACT (VOLTA) POTENTIALS. 


There has been considerable controversy over the reality and nature of the contact differences of potential betwe 
two metals. At present, due to the studies of Langmuir, there is a decided tendency to believe that this Volta diffe 
ence of potential is an intrinsic property of metals closely allied to the phenomena just given in Tables 516 to 518 ar 
that the discrepancies among different observers have been caused by the same disturbing surface conditions. T] 
following values of the contact potentials with silver and the relative photo-sensitiveness of afew of the metals a 
from Henning, Phys. Rev. 4, 228, 1914. The values are for freshly cut surfaces in vacuo. Freshly cut surfaces a 
more electro-positive and grow more electro-negative with age. That the observed initial velocities of emission | 
electrons from freshly cut surfaces are nearly the same for all metals suggests that the more electro-positive a metal 
the greater the actual velocity of emission of electrons from its surface. 


ge Ag Cu Fe | Brass} Sn Zn Al Mg 
Contact potential with Ago... cceitewenic ces ° .05 -19 2 .27 -59 -99 1.42 
Relative photo-sensitiveness..............+-- 50 60 65 45 7° 80 500 b forere) 


From the equation w = RT log(N 4/N gp), where w is the work necessary per gram-molecule when electrons pa 
through a surface barrier separating concentrations NV 4 and Nz of electrons, it can be shown (Langmuir, Tr. Aj 
Eletroch. Soc. 29, 142, 1916, et seg.) that the Volta potential difference between two metals should be 


m1 — m= 5 fur — wi + RT log 4/N p)} ==> = ga — gu 


(see Table 517 for significance of symbols), since the number of free electrons in different metals per unit volume is 
nearly the same that RT log (V_4/N gp) may be neglected. The contact potentials may thus be calculated from phot 


electric phenomena (see Table 517 for references). They are independent of the temperature. The following tal 
gives a summary of values of ¢ in volts obtained from the various phenomena where an electron is torn from the at! 
tion of some surface. In the case of ionization potentials the work necessary to take an electron from an atom of mei) 
vapor is only approximately equal to that needed to separate it from a solid metal surface. 


(2) THE ELectRon AFFINITY OF THE ELEMENTS, IN VOLTS. 


Photo- . Single- 
electric. Fa line 
contact. |(Richardson) * | spectra. 
(Millikan.) 


Contact. |Thermionic. 
(Henning.)} (Langmuir.) 
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(b) It should not be assumed that all the emf of an electrolytic cell is contact emf. Its emf varies with the e} 

trolyte, whereas the contact emf is an intrinsic property of a metal. There must be an emf between the two electrog 
of such a cell dependent upon the concentration of the electrolyte used. The following table gives in its first line 

electrode potential e, of the corresponding metals (in solutions of their salts containing normal ion concentration) {p 

assumption of no contact emf at the junction of the metals. The second line, 6 — e, — 3.7 volts, gives an idea of le 


electrode potentials (arbitrary zero) exclusive of contact emf. | 


+0.34 | +0.20 : —0.43 | —0.76 | —1.55 | —3.03 
+0.04 | +0.20 5 —0.43 | —0.46 | —o.55 | —1.65 
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—_— TABLES 629-521. 405 


IONIC MOBILITIES AND DIFFUSIONS. 


The process of ionization is the removal of an electron from a neutral molecule, the molecule thus acquiring a result- 
ant + charge and becoming a + ion. The negative carriers in all gases at high pressures, except inert gases, consist 
for the most part of carriers with approximately the same mobilities as the + ions. The negative electrons must, 
therefore, change initially to ions by union with neutral molecules. 

The mobility, U, of an ion is its velocity in cm/sec. for an electrical field of one volt per cm. The rates of diffusion, 
D, are given in cm3/sec. U = DP/Ne, where P isthe pressure, V, the number of molecules per unit volume of a gas 
and e the electronic charge. 

Nature of the gas and the mobilities: (1) The mobilities are approximately proportional to the inverse sq. rts. of 
the molecular weights of the permanent gases; better yet when the proportionality is divided by the 4th root of the 
dielectric constant minus unity; (2) The ratio U + /U — seems to be greater than unity in all the more electro- 
negative gases. 


Mobilities of Gaseous Mixtures: Three types: (1) Inert gases have high mobilities; small traces of electro- 
negative gases make values normal. (2) Mixed gases: lowering of mobilities is greater than would be expected from 
simple law of mixture. (3) Abnormal changes produced by addition of small quantities of electro-negative gases: 


€.g.: normal mobility U + =1.37 U—1.80 Wellisch, Pr. 
6mm C2H;Br gave . Te37 1.80 Roy. Soc. 82A, 
6mm C:Hsl_ “ 1.37 1.80 p. 500, 1909. 
riomm C:H;,OH “ 0.91 I.10 
ommC:HO “ ; TerS 1.37 


Temperature Coefficient of Mobility: There is no decided change with the temperature. 

Pressure Coefficient of Mobility: Mobility varies inversely with the pressure in air from 100 to 1/10 atmosphere 
for — ion, to 1/1000, for + ion; below 1/1ro atmosphere all observers agree that the negative ion in air increases 
abnormally rapidly. 


Free Electrons: In pure He, Ar, and N, the negative carriers have a high mobility and are, in part at any rate, 
free electrons; electrons become appreciable in air at 10 cm pressure. 


TABLE 520. —TIonic Mobilities. 


Mobilities. Mobilities. 
Observer. 


Nitrous oxide 
Ethyl alcohol 
ccl 


7-9 
6.3 


Methyl bromide.... 
Ethyl formate 
Ethyl iodide 


“xOOnr 
won 
99009000 


Franck, Jahr. d. Rad. u. Elek. 9, p. 2, 1912; Wellisch, Pr. Roy. Soc. 82A, p. 500, 1909. The following values are 
from Yen, Pr. Nat. Acad. 4, 19 8. 


C2HsO | C2HsO | C2HsCl| CHsl 


-304 
+331 -317 
1.03 I.07 1.04 


TABLE 521.— Diffusion Coefficients. 


__ The following table gives the observed and computed (D = 300UP/Ne = very nearly 0.0236U) values of the 
diffusion coefficients. The diffusion coefficients are given for some neutral molecules as actually determined for some 


ag into gases of nearly equal molecular weight. Table taken from Loeb, “The Nature of the Gaseous Ion,” J. Franklin 
mst. 184, p. 775, 1917. 


Gas diffused D + for ions. 


Gas, diffusing. into molecules. 


Computed. | Observed. 


3 
8 
5 
3 


CO2 
Ethyl acetate 


m4 
-02 
.02 
-O2 


* COz into COs. + Ethyl formate. t Estimated. 
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406 TABLES 522-524. 
COLLOIDS. 
TABLE 522. — General Properties of Colloids. 


For methods of preparing colloids, see The Physical Properties of Colloidal Solutions, Burton, 1916; for general 
properties, see Outlines of Colloidal Chemistry, J. Franklin Inst. 185, p. 1, 1918 (contains bibliography). 

The colloidal phase is conditioned by sufficiently fine division (1 X% 10-4 to 10-7 cm). Colloids are suspensions (in 
gas, liquid, solid) of masses of small size capable of indefinite suspension; suspensions in water, alcohol, benzole, glyc- 
erine, are called hydrosols, alcosols, benzosols, glycerosols, respectively. The suspended mass is called the disperse 
phase, the medium the dispersion medium. 

Colloids fall into 3 quite definite classes: 1st, those consisting of extremely finely divided particles (Cu, Au, Ag, 
etc.) capable of more or less indefinite suspension against gravity, in equilibrium of somewhat the same aspect as the 
gases of the atmosphere, depending as in the Brownian movement upon the bombardment of the molecules of the 
medium}; 2nd, those resisting precipitation (haemoglobin, etc.) probably because of charged nuclei and which may be 
coagulated and precipitated by the neutralization of the charges; 3rd, colloidal as distinguished from the crystalloidal 
condition, the colloid being very slowly diffusible and incapable unlike crystalloids of penetrating membranes (gelatine, 
silicic acid, caramel, glue, white of egg, gum, etc.). : 


Smallest particle of Au observed by Zsigmody (ultramicroscope) 1.7 X 107 cm. 


visible in ordinary microscope about 2.5 X10 5cm. 
Ee se ‘“« ** ultramicroscope, with electric arc I5 X 1077 cm. 
cs i Cy ace zt with direct sunlight I X 107 cm. 


TABLE 523.— Molecular Weights of Colloids. 


Determined from diffusion. Determined from freezing point 


Gumtarabicteee eee eee Glycozeny (02) een entee ts 
Tannic acid (322)*....... ory Tungstic acid (250) *......... 
Heeyalbumentermereeeeeccios Gyan ace sier seit ae tote 


* Formula weight. 
TABLE 524. — Brownian Movement. 


The Brownian movement is a microscopically observed agitation of colloidal particles. It is caused by the bom- 
bardment of them by the molecules of the medium and may be used to determine the value of Avogadro’s number. 
Perrin, Chaudesaignes, Ehrenhaft and De Broglie found, respectively, 70, 64, 63 and 64 X 10” as the value of this 
constant. The following table indicates the size and the dependence of this movement on the magnitude of the particles. 


= 


Diameter 


Material. Observer. 


Zsigmody 

“ec 

“ 
Svedberg, 1906-9 
Henri, 1908 


Perrin, Dabrowski, 1909. 
Chaudesaignes, 1908. 


The movement varies inversely as the size of the particles; in water, particles of diameter greater than 44 show no 
perceptible movement; when smaller than .1y, lively movement begins, while at to my the trajectories amount up to 
20M. 
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TaBLes 525-527. : 407 
COLLOIDS. 


TABLE 525. — Adsorption of Gas by Finely Divided Particles. See also p. 439. 


Fine division means great surface per unit weight. All substances tend to adsorb gas at surface, the more the higher 
the pressure and the lower the temperature. Since different gases vary in this adsorption, fractional separation is 
possible. Pt black can absorb 100 vols. He, 800 vols. M2, Pd 3000 vols. Hz. In gas analysis Pd, heated to 100°, is used 
to remove He (higher temperature used for faster adsorption, will take more at lower temperature). Pt can dissolve 
several vols. of He, Pd, nearly 100 at ordinary temperatures; but it seems probable that the bulk of the 100 vols. of 
He taken by Pt and the 3000 by Pd must be adsorbed. In 1848 Rose found the density 21 to 22 for Pt foil, but 26 for 

recipitated Pt. 
a The film of adsorbed air entirely changes the behavior of very small particles. They flow like a liquid (cf. fog). 
With substances like carbon black as little as 5 per cent of the bulk is C; a liter of C black may contain 2-5 liters of 
air. Mitscherlich calculated that when COs at atmospheric pressure, 12° C, is adsorbed by boxwood charcoal, it occu- - 
pies 1/56 original vol. Apparent densities of gases adsorbed at low temperatures by cocoanut charcoal are of the same 
order (sometimes greater) as liquids. 


Cm of Gas Adsorbed by a Cm? of Synthetic Charcoal (corrected to 0° C, 76 cm?) (Hemperl and Vater). 


N20 


See Langmuir, J. Am. Ch. Soc. 40, 1361, 1918; Richardson, 39, 1829, 1916. 
TABLE 526. — Heats of Adsorption. 


Adsorber. 


* Small calories liberated when 1 g of the adsorbent is added to a relatively large quantity of the liquid. 
{ Volume adsorped from saturated vapor by z g of fuller’s earth. 
Gurvich, J. Russ. Phys. Ch. Soc. 47, 805, 1915. 


TABLE 527. — Molecular Heats of Adsorption and Liquefaction (Favre). 


SSS = 
Molecular heats of Molecular heats of 
Adsorber. 


lique- 


Y lique- 
faction. 


adsorption. faction. 


adsorption. 


46200 — || Charcoal...... IO000—-10900 5600 

18000 ei ||| aman ote arte 9200-10200 (3600) 
5900-8500 (GOGO) / Malle temecutnane eye 15200-15800 (4000) 
6800-7800 C2508 bill) Wersrinaneyes: HI 21000-23000 (4400) 
7100-10900 4400 
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408 TABLES 528-529. 
TABLE 528. — Miscellaneous Constants (Fundamental, Atomic, Molecular, etc.). 


c ‘Velocitycof lightsinpvacuolcveisecireyetsbeiciactetale easton ete eteiers) aictetstetetel- (ae eet ae rete 290860 Km/sec. 

y ING even (sesh iatichuloyeallreopriealipasoghod giaA dems anus cucrsborAboteacznoncnonesonoc 6.658 X 10-8 cm3/g.sec.2 

e Geis ra MN oon on no cugdconoUquEcuDCOU ILO Ud Ho doDa GOOG DA DU NaodoondoUe 4-774 X 107-19 esu. 

I.59I X 10-20 emu. 
1.591 X 10-19 coulombs. 

Mo mass‘ 1solatedielectromiat rest). scsss. etietsuescuaiere sels Cite als cnteprbelotels © alee rie ee ieiens tela neleters 8.9909 X 10-28 g 

ip geass ol proronmins Heavier ele Mert spite tetersleteveke ens steleteteeretstet ian Talateltelereoc Rete ten tetera 1.649 X 10-4 g 

fey MESS CEE aioVENY West, WO 5 Gas ocb Onoda Ao dbODaadUnOdoGOdeoncand Kee 1.663 X 10-4 g 

h Planck?s quantum ot actloni croc ie cteios oe deta ener ce eee oe Rhee 6.554 X 10727 erg. sec. 

e/mo small velocities or at rest, Bucherer’s constant............e.ee cece cece eres eee eee 1.769 X 107 emu g-! 

«30 tol7e —1 

F Baraday Constant, TONC/G:..a0 no conker teen ners lO oceusiene aon saavelay lane's micuac tale eaeoric ere Ee ‘ 

N Avogadro’s constant, no. molecules per g molecular weight.....................--. 6.061 X 1073 

D Loschmidt’s number, no. molecules per cm? O°C, 76cm...................20+-0-- 2.705 X 1019 
INosmolecules\per cme O2Cerolbarsieess seinen cecil crate ee rem ee Laren 2.670 X 1019 
Ra diusOLCleChrOMs sacks ye tse ee oer eet oe ole cea eer aeh eave arse sare Eee ena about 2 X 10-13 cm 
Raditis,of) Fi molecules. cpseccyiagerneseperse sven oat) varevioxcrs ates sletavekerslcpohstonoe eee tolestaran a DOW TOR erm 

1G Meantiree| pathy Hemoleculer6:emy O28 Ciara. serene el ieeinnieieneets about 1.6 X ro-5 cm 

G Sqhirt. ;smeanisq-velocityidittoss secre ser eerie ete ie) Gee enact about 1.84 X 105 cm/sec. 

Q Avithmeticaltaveracervelocitvadittoneee mace cette niece econ encEn about 1.70 X 105 cm/sec. 

No: dittojstrikingacm2iper secs 250s milan: pyeirenecvcieie ovelerelerersietonepierenereteiotereietcne cir: Ome anTICTEg 
Average distance apart of molecules 76 cm O°C ...............2.000 cece ceesae+s-3 % 10-5 Cm 
/Absolute:zeroncentigrade:scale: |@2\ Kans en dancer. mite ele ars eno CIS cine SeeeE eke —273.1° 

Vo Vol. per mol(e) or g. molecular, weight ideal gas: 

Fhoasni Os (Ci (Gigoresncye GhynEs GTB oes von rSosuogcdsoadshbucnsn Jo uGodhbsoencos 22.412 cm3 
TOVdymesMOSiC. eis ies eee Sraxcks sake CateReee oe omens apecat es eorottte passe Mees alee see shaw e sin Sreieine 22.708 cm3 

Do myers ono) 7S) Can likes, O (Con 5 cape sen oo ogo op en so annadcggeconaan dan acaencass 1,013,230 dynes/cm? 

E. Kinetic energy of translation of molecule at O° C, (3,/2) (Povo/N).........---+--+++--- 5-620 X 10-4 erg 

€ Constant of molecular energy, change of translational energy per °C, F)/T.......... 2.058 X 10-16 erg/OK 

k Boltzman gas constant, constant of entropy equation, R/N = (2/3)e............. .-1.372 X 10-16 erg/OK. 

R . Gas Constant in PVm = RT: 

Vm = molecular wright in g; P in g/cm?, Vm, cm’... «2.6... ee ee ee ee eee 84.77 g. cm/OK 
AUETI S51} ih ges arocsrenerorarey dhsvavevedovereunnes dren spevenyeeerciers need OLO826 Onl manmanyes Ke 
GYMES FEMS liea eee sie ae alta eee cera ete eee 8.315 X 107 erg/OK 
calorimetric units. )..0.0.)..1.....1002.0.5 oo re86orealll(@so)/eemels 
I megabar (= Meteorological ‘‘bar’’) = 106 dynes/cm? = 1.013 Kg/em?............0.98694 atm. 
Mechanical equivalent of heat, g. (20° C) calorie.................2.2.2.2-2-0000- 4-180 intern. elec. joules 
PE BOCMO) ee AiR der meer ates aye aereaial uN ore TatS eae vetene Toten 4.181 X 107 ergs 
an iN Al) Rn ee OM NER ne st vee Ke ected cela. o 4.185 X 107 ergs 

Cy Atomic heatssolidsy (Diane BE): sIN Kaye ee sree rater reenter telco terete a cconefereren seater atte 24.95 joules per mol.°K 

Cyo Molar heat perfect gas, constant volume (3/2)R.. 2.1... 2.22 cece ce ee eee ete eee 2.979 cal per mol.°K 

Cpo Molar heat perfect gas, constant pressure (5/2)R...... 2... +++. sees eee eee eee 4.965 cal per mol.°K 

Cy iNtomic heatisolidsel) am cle Parsee arte erage aerate real ofereeeeiter tele keenest 5.958 cal per mol.°K 

Ro Rydberg fundamental frequency..........---. 1-112 sce eee ee eee eee eee 3-2775 XX 10!5 sec.—! 
Rydberg’siconstant, Roo /e (Bohr)... 5. 252.2. oe eee ee ea 1.0930 X 105 cm—! 

Co StefaneBoltzmanniconstant, total radiation... = ee serie a lee = elelelels)elelelet= ieletesieairtel 5-71 X 10-2 watt-cm? 

Cy Wien’s constant of spectrum TENGD EY (os 1 VCC) 81/4 Cea elect ieeere ate a AA ORING Ola ploe-s10 co pc 1.4325 A in cm. 

Cy Dees Gomsieine Oi machete, 2 C8Ns 16 cunccocodddecn buco Goes bobo sno ou ou DOONSAS 3.703 X 10-5 erg/cm? sec, 
Bro tore lecenicea Want unay liye ereregette tetas nese rete tee otettdefi tenet tel et elt te eee it 4.117 X 10-7 esu erg/°K 
ANOS CHAO Giri HAS. 5 > cocoa cous usuncgesooGN aU BA SaaN Enos HObONSddsosdons 2.874 X 10-7 esu erg/OK 

AmT  Wien’s displacement constant Co/4.965T.. .. 2-2-6 ee ce ce we eee ie teen ee eee 0.2885 cm° 

M Migdamarcall cowihrallsare Ot Welt. J oo op va soon ndcc od oo oo daca Do aN AoOU URED UOOD BORG OCs 0.00150 watt/lumen 
CHIGUIS ELeAHINg GonHGS, doo pobono ug noose sonanado ooo Domo nD oad co sd odo oOEsCOSOS 3.028 Angstroms 
SenGhitGl EAA o nono pon 505000 coUG dO DN DODO DD Dona OD CODON SE DOOO DO GaOResaaReS 980.665 cm/sec.? 

TN Ree Re BUC 218(0) 016 Un pemceric ci banG: ante OAS OCLO CIO OGIOULCRe-CRicO GO DDIE OO. tIosOhOD BS HOD OOo.A0Iaa00 I.00273701 sidereal sec. 
. 
TABLE 529.— Radiation Wave-length Limits, 
t 
Hertzianawavessloneestinc cocina tadecle cee seatbelt late eit torteleteke ilar erate t-tatc tts tate ite 2 000 000.0 cm 
i CM) ey aiocioy ae en ee eee eee a ena alo A apmmceareanete oS co\g'0000.c0 C24 Oi 

Infra-red, longest, reststrahlung, focal-isolation............ 2... cece cece cece ee ee ee eee ee eee 0.03 cm 

infrasredspectroscopicall ysstudied Mememe e eee niet iente icine ttl Re Si oaiacs Oo 0.002 cm 

Visible ilomSestsateycxcs eis eyes sevevetonaietsraicare cys nan sevevetionavanva av travae sy MevaliayevebeMayenel ate teleyaltet ollstel afotetolte te telco Rat Rev sees 0.000 08 cm 

a0) Hoot Ect ae ee ene Ic Ree ete RE inn an MOOD OOS ROMOUO DA Od Godo goss 8a: 0.000 04 cm 

(Ultra-violetluymanwshortestee eis se cock ncterrotoreisleiecsienclets ciclo te terneteletey-teltelelsycten teeter teat 0.000 006 cm 

Erays; JONEEStinve ce cescis clon custe ciara (s siurel ela crenata sees teneeyae Pe ee annie Cony act ATE ING. 686.0 0.000 000 12 cm 

SM) ros q iss] Reta le AiG aIntS CU EOE OO OOO UE CMOS OAD anR OOOO A SOU SLbeC ng Ccomo00c¢ ©.000 000 COI cm 

NENW lOnaesndadoe demo onnannedoococuduen sess vaanosoncucoca gepeKugoounodesO Sado bordoDOS 0.000 000 O13 cm 

CSRS) iotg tact OS eras Hide iets Hin Heceoend CeAe GOING ORES Dat NaS obInG AOmtn Aino GMcciGo. 6 OlSMIUIAG oO Caqc . .0.000 000 000 7 cm 


* 9.000 0020 cm (Millikan-Sawyer, 1920) 
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TABLES 530-531. 409 
TABLE 530. — Periodic System of the Elements. 


RO, — Oxides. 


— oy Hydrides. 


1 Hydrogen 
2 Helium 
3 Lithium 
4 Beryllium 
5 Boron 
6 Carbon 
7 Nitrogen 
Oxygen 
9 Fluorine 
ro Neon 
rr Sodium 
12 Magnesium 
13 Aluminum 
14 Silicon 
15 Phosphorus 
16 Sulphur 
17 Chlorine 
18 Argon 
Io Potassium 


* Quoted from Millikan’s The Electron, 1917. 


TABLE 531. — Atomic Numbers.* 


20 Calcium 
2t Scandium 
22 Titanium 
23 Vanadium 
24 Chromium 
25 Manganese 
26 Iron 

27 Cobalt 

28 Nickel 

29 Copper 

30 Zinc 

31 Gallium 
32 Germanium 
33 Arsenic 

34 Selenium 
35 Bromine 
36 Krypton 
37 Rubidium 
38 Strontium 
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39 Yttrium 

40 Zirconium 
41 Niobium { 
42 Molybdenum 


44 Ruthenium 
45 Rhodium 
46 Palladium 
47 Silver 

48 Cadmium 
49 Indium 

50 Tin 

51 Antimony 
52 Tellurium 
53 lodine 

54 Xenon 

55 Caesium 
56 Barium 

57 Lanthanum 


58 Cerium 


59 Praseodymium 


60 Neodymium 


62 Samarium 
63 Europium 
64 Gadolinium 
65 Terbium 
66 Dysprosium 
67 Holmium 
68 Erbium 

69 Thulium 
7o Ytterbium 
71 Lutecium 
72 Celtium 

73 Tantalum 
74 Tungsten 
75 


f Glucinium. 


76 Osmium 
77 Iridium 

78 Platinum 
7g Gold 

80 Mercury 
81 Thalium 
82 Lead 

83 Bismuth 
84 Polonium 


86 Emanation 


88 Radium 

89 Actinium 
go Thorium 

or Uranium Xe 
92 Uranium 


$ Columbium. 


410 ie TABLE 532. 
PERODIC SYSTEM AND THE RADIOACTIVE ISOTOPES. * 


1A 2A 3A 


Inert-gases. Light-metals. 
86 8 88 


7 
— Ra 
55 56 
Cs 


37 
Rb 
19 
K 
II 


Os Ir 


IB 2B 3B 


Radioactive isotopes. 


Tl) (Pb) (Bi) (Po) ( ) (Nt) (Ra) A Th B 
82 83 84 85 86 88 ‘ ae ee ) ( BY ne 


Ge) 
87 


«< Indicates the loss of an alpha particle (producing He); the element becomes more electro-positive and the atomic 
weight decreases by 4, position changing 2 columns to the left. 

‘7 Indicates beta radiation (loss of electron); the element becomes more electro-negative, atomic weight remains 
the same, position changes one column to the right and up. ¢ 

Isotopes of an element have the same valency and the same chemical properties (solubility, reactivity, etc.), al- 
though their atomic weights may differ. The isotopes of Bi are, e.g., RaE, ThC, AcC, RaC. 

In the upper half of the table are the elements possessing high. electro-potential, simple spectra, colorless ions. The 
properties are analogous in the vertical direction (groups). In the /ower half are the elements with low electro-poten- 
tial, complex spectra, colored ions and tending to -form complex double salts, the general properties of the elements 
being more pronounced in the horizontal direction (periods). 

On the ée/# side of the table are the electro-negative elements, those of the upper half forming strong acids, those 
of the lower half weak oxyaeids. 

On the right side of the table are the electro-positive elements, forming bases, oxysalts, sulfides, etc. 

The center of the lower half is occupied by the amphoteric elements forming weak acids and bases, many complex 
compounds and double salts, many insoluble and mostly colored compounds. 

A very striking point, however, is, as already mentioned, that the similarity among the elements in the upper half is 
in the vertical direction, and in the lower half in the horizontal direction. This justifies the use of the expressions 
group-relation and period-relation. 

* Table adapted from Hackh, J. Am. Chem. Soc. 40, 1023, 1918, Phys. Rev. 13, 169, 1919. 


For Isotopes see conclusion of this Table on page 445 
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TABLES 533-535. 41 
ASTRONOMICAL DATA.- 
TABLE 533. — Stellar Spectra and Related Characteristics. 


The spectra of almost all the stars can be arranged im a continuous sequence, the various types connected in a series 
of imperceptible gradations. With one unimportant exception, the sequence is linear, the transition between two given 
types always involving the same intermediate steps. According to the now generally adopted Harvard system of 
classification, certain principal types of spectrum are designated by letters, —O B, A, F, G, K, M, R and N, — and 
the intermediate types by suffixed numbers. A spectrum halfway between classes B and A is denoted Bs, while those 
differing slightly from Class A in the direction of Class B are called B8 or Bo. in Classes M and O the notation Ma, 
Mb, Mc, etc., is employed. Classes R and N apparently form a side chain branching from the main series near Class K. 

The colors of the stars, the degree to which they are concentrated into the region of the sky, including the Milky 
Way, and the average magnitudes of their peculiar velocities in space, referred to the center of gravity of the naked- 
eye stars as a whole, all show important correlations with the spectral type. In the case of colors, the correlation is 
so close as to indicate that both spectrum and color depend almost entirely on the surface temperature of the stars. 
The correlation in the other two cases, though statistically important, is by no means as close. : 

Examples of all classes from O to M are found among the bright stars. The brightest star of Class N is of magni- 
tude 5.3; the brightest of Class R, 7.0. i 


TABLE 534. — The Harvard Spectral Classification. 


Number Per cent i Mean 
brighter in Color peculiar 
than 6.25,| galactic index. velocity, 
mag. region. K km/sec. 


Principal spectral lines 
Class. (dark unless otherwise Example. 
stated). 


Bright H lines, bright 

spark lines of He, N,O,C} y Velorum 
H, He, spark lines of N 

and O, a few spark lines 

olmetalscfec sees ce € Orionis 
H series very strong, spark 

lines of metals......... Sirius 
H lines fainter. Spark and 

arc lines of metals...... Canopus 
Arc lines of metals, spark 

lines very faint........ 
Arc lines of metals, spec- 

trum faint in violet..... 
Bands of TiOQz, flame and 

arc lines of metals...... 
Bands of carbon, flame and 

arc lines of metals...... 
Bands of carbon, bright 

eee very little violet 

it 


Compiled mainly from the Harvard Annals. Temperatures based on the work of Wilsing and Scheiner. Radial 
velocities from Campbell. Data for classes R and N from Curtis and Rufus. The color indices are the differences of 
the visual and photographic magnitudes. Negative values indicate bluish white stars; large positive values, red stars. 
The peculiar velocities are in the radial direction (towards or from the sun). The average velocities in space should 
be twice as great. 

“ The “galactic region” here means the zone between galactic latitudes = 30°, and including half the area of the 
eavens. 

96% of the stars of known spectra belong to classes A, F, G, K, 99.7% including B and M (Innes, ror9). 


TABLE 535.— Apex and Velocity of Solar Motion. 


Velocity, Method. a Authority. 


km/sec. 


Proper motions Boss, Astron. J. 614, 19t0 
Radial velocities Campbell, Lick Bull. 196, 1911 
f i Strémberg, Astrophys. J. 1918. 
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4I2 TABLES 536-537. 
ASTRONOMICAL DATA. 
TABLE 536.— Motions of the Stars. 


The individual stars are moving in all directions, but, for the average of considerable groups, there is evidence of ; 
drift away from the point in the heavens towards which the sun is moving (solar apex). The best determinations o 
the solar motion, relative to the stars asa whole, are given in Table 535. In round numbers this motion of the sun 
may be taken as 20 km/sec. towards the point R. A. 18h. om., Dec +30.0°. 

After allowance is made for the solar motion, the motions of the stars in space, relative to the general mean, present! 
marked peculiarities. If from an arbitrary origin a series of vectors are drawn, representing the velocities of the various 
stars, the ends of these vectors do not form a spherical cluster (as would occur if the motions of the stars were at ran- 
dom), but a decidedly elongated cluster, whose form can be approximately represented either by the superposition of 
two intermingling spherical clusters with different centers (Kapteyn’s two-stream hypothesis) or by a single ellipsoidal 
cluster (Schwarzschild), the actual form, however, being more complicated than is indicated by either of these hy- 
potheses. The direction of the longest axis of the cluster is known as that of preferential motion. The two opposite 
points in the heavens at the extremities of this axis are called the vertices. The components of velocity of the stars 
parallel to this axis average considerably larger than those parallel to any axis perpendicular to it. 

The preferential motion varies greatly with spectral type, being practically absent in Class B, very strong in Class 
A, and somewhat less conspicuous in Classes F to M, on account of the greater mean velocities of these stars in all 
directions. The positions of the vertices are nearly the same for all. Me, 

Numerous investigators, from the more distant naked-eye stars, find substantially the same position for the 
vertex, the mean being R. A. 6h, 6m., Dec. +9°. The nearer stars, of large proper motion, give a mean of 6h. 12m., 
+25°. (See Strémberg’s discussion, cited above.) 

In addition to these general phenomena, there are numerous clusters of stars whose members possess almost exactly 
equal and parallel motions, — for example, the Pleiades, the Hyades, and certain large groups in Ursa Major, Scorpius, 
and Orion. The vertices, and the directions toward which these clusters are moving, are all in the plane of the galaxy. 

Several faint stars are known which have radial velocities between 300 and 350 km/sec. (e.g. A. G. Berlin 1366 R.A. 
I900 = 4h 8m 6, Dec. 1900 = +22.7°, mag. 8.9 velocity of recession 339 km/sec.), and it is probable that the actual 
velocity in space exceeds 500 km/sec. for some of these. 

The oth magnitude star A. G. Berlin 1366 has a radial velocity of 494 km/sec. fs F el 

The greatest known proper motion is that of Barnard’s star of the ninth magnitude in Ophiuchus, 10.3” per year, 
Position angle 756°. _ The parallax of this star is 0.52”, and its radial velocity about. —100 km/sec. 

The averag? radial velocity of the globular clusters is 100 km/sec. and that of the spiral nebulae 400 km. The 
globular clust /rs as a class are approaching the sun. The spiral nebulae, with a few exceptions, are receding. The 
greatest individual values are —410 km for the cluster N. G. C. 6934 and + 1800 km for the nebula N. G. C. 584. 

Average velocities with regard to center of gravity of the stellar system, according to Campbell (Stellar Motion, 


1913): 


Type B Stars: 6.6 km per sec. Type G Stars: 15.0 km. per sec. 
ce A “cc Io 9 “cc “cc “ “ K 73 16 8 “cc “ “cc 
{ o RF « 14.4 @ (BG “mM 17.1 Cs 


TABLE 537.— Distances of the Stars. 


Distances. Light years. 


The Hyades 

Nebula of Orion (Kapteyn) 

Globular Clusters (Shapley): omega 
Centauri (nearest) 

N. G. C. 7006 (farthest) 


* Parsec = 206,265 astronomical units = 3.08 X 108km = 3.26 light years. 1 astronomical unit = distance sun 

earth. 
PT peectieally all the stars visible to the naked eye lie within 1000 parsecs of the sun, and most of them are more than 
roo parsecs distant. In the vicinity of the sun, the majority of the stars lie within two or three hundred parsecs of the 
galactic plane; but along this plane the star-filled region extends far beyond rooo parsecs in all directions, ana 
may reach 30,000 parsecs in the great southern star clouds (Shapley). — 

‘Average parallax 6 planetary nebulae, 0.018” (van Maanen, Pr. N at. Acad. 4, p. 394, 1918). 
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TABLES 538-539 A13 
ASTRONOMICAL DATA. 


TABLE 538. — Brightness of the Stars. 


Stellar magnitudes give the apparent brightness of the stars on a logarithmic scale, — a numerical increase of one 
magnitude corresponding to a decrease of the common logarithm of the light by 0.400, and a change of five magnitudes 
toa factor of 100. The brightest objects have negative stellar magnitudes. The visual magnitude of the Sun is — 26.7; 
of the mean full Moon, —12.5; of Venus at her brightest, —4.3; of Jupiter, at opposition, —2.3; of Sirius, —1.6; of 
Vega, +-0.2; of Polaris, 2.1. (The stellar magnitude of a standard candle 1 m distant is —14.18.) The faintest stars 
visible with the naked eye on a clear dark night are of about the sixth magnitude (though a single luminous point as 
faint as the eighth magnitude can be seen on a perfectly black background). The faintest stars visible with a telescope 
of aperture A in. are approximately of magnitude 9 + 5 logy, A. The faintest photographed with the 60-inch reflector 
at Mt. Wilson are of about the 21st magnitude. A standard candle, of the same color as the stars, would appear of 
magnitude +0.8 at a distance of one kilometer. 

The actual luminosity (absolute magnitude) is the stellar magnitude which the star would have if placed at a distance 
of ten parsecs. The faintest star at present known (Innes), a distant companion to a Centauri, has the (visual) absolute 
magnitude +15.4, and a luminosity 0.00006 that of the sun. The brightest so far definitely measured, B Orionis, has 
seopteyn) the abs. mag. —5-5 and a luminosity 13,000 times the sun’s. Canopus, and some other stars, may be still 

righter. 

The absolute magnitudes of 6 planetary nebulae average 9.1; average diameter, 4000 astronomical units (Solar 
system to Neptune = 60 astr. units), van Maanen, Pr. Nat. Acad. 4, p. 394, 1918. 


Giant and Dwarf Stars. 


The stars of Class B are all bright, and nearly all above the absolute magnitude zero. Stars of comparable bright- 
ness occur in all the other spectral classes, but the inferior limit of brightness diminishes steadily for the “later” or 
redder types. The distribution of absolute magnitudes conforms to the superposition of two series, in each of which 
the individual stars of each spectral class range through one or two magnitudes on each side of the mean absolute 
magnitude. Absolute magnitude giants roughly o to +1; dwarfs A, r to 2; F, 2 to 4; G, 4 to 6; K, 6 to 9; M, 9 torr. 
The two series overlap in Classes A and F, are fairly well separated in Class K, and sharply so in Class M. Two very 
faint stars of Classes A and F fall into neither series. 

The majority of the stars visible to the naked eye are giants, since these, being brighter, can be seen at much greater 
distances. The greatest percentage of dwarf stars among those visible to the eye is found in Classes F and G. The 
dwarf stars of Classes K and M are actually much more numerous per unit of volume, but are so faint that few of the 
former, and none of the latter, are visible to the naked eye. 

Adams and Stromberg have shown that the mean peculiar velocities of the giant stars are all small, — increasing 
only from about 6 km/sec. for Class B to 12 for Class M, — while those of the dwarf stars are much greater, increas- 
ing within each spectral class by about 1.5 km per unit of absolute magnitude, and reaching fully 30 km for stars of 
Class M and abs. mag. 10. Both giant and dwarf stars show the phenomenon of preferential motion. 


TABLE 539. — Masses and Densities. 


Stars differ less in mass than in any other characteristic. The most massive star known is the brighter component of 
the spectroscopic binary B.D. 6°1300, 86 times the sun’s mass, 113 times its luminosity, and spectrum Oe. The smallest 
known mass is that of the faint component of the visual binary Krueger 60, whose mass is 0.15, and luminosity 0.0004 of 
the sun’s, and spectrum M. 

The giant stars are in general more massive than the dwarfs. According to Russell (Publ. Astron. Soc. America, 
3, 327, 1917) the mean values of Binary systems are: 


Spectrum B2 Ao F5 giant Ks giant F2dwarf G2dwarf K8 dwarf 
Ratio of mass to Sun 12 6.5 8 Io 3-0 T2 0.9 


The densities can be determined only for eclipsing variables. Stars of Classes B and A have densities averaging about 
one tenth that of the sun and a relatively small range; Classes F to K show a wide range in density, from 1.8 times that 
of the sun (W Urs. Maj.) to 0.000002 (W Crucis). 

The surface brightness probably diminishes by at least one magnitude for each step along the Harvard scale from B to 
M. It follows that the dwarf stars are, in general, closely comparable with the sun in diameter, while the stars of Classes 
B and A, though larger, rarely exceed ten times the sun’s diameter. The redder giant stars must be much larger, and a 
few, such S Antares, may have diameters exceeding that of the earth’s orbit. The densities of these stars must be ex- 
ceedingly low. 

Aare in order of increasing density, the stars form a single sequence starting with the giant stars of Class M, pro- 
ceeding up that series to Class B, and then down the dwarf series to Class M. Russell and others believe this sequence 
indicates the order of evolution, —a star at first rising in temperature as it contracts and then cooling off again. 


Parallax | Mass Density Brightness Diameter (km) 


Antares é zi 2 .OO0000TO : 440,000,000 
Betelgeuse : z .0000012 ; 378,000,000 
a Hercules r dl 4 4 320,000,000 
Aldebaran ; z 5 b 53,000,000 
Arcturus 4 d 4 & 37,000,000 
Rigel b A é J . 40,000,000 
Capella : 5 d J z 8. 13,000,000 
Vega : d 5 4,200,000 
Sirius : RK 5 ; z ib 2,300,000 
Procyon i F B 4 ‘ 2,300,000 
Our Sun 5 b A x 1,391,000 
Krueger 60 4 A : 5 dl H 580,000 
Prox. Cent. 4 J : 4 d J z 333,000 
Barnard’s 2 : ‘ ‘A 4 d 249,000 


Computed by Plaskett, Pub. Ast. Soc. Pac. 1922; Interferometer measurements, Antares, 0.024’’, 30,600,000 km; Betel- 
geuse, 0.047”, 386, 000,000 km. (1921) 
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4I4 TABLE 540. 
MISCELLANEOUS ASTRONOMICAL DATA. 


{365. 24219879 — 0.0000000614 (¢ — 1900) }days 
{ 365. 25636042 + 0.0000000011 (¢ — 1900) } days 
{ 365. 25904134 + 0.0000000304 (t — 1900) } days 
{346.620000 -+0.00000036 (t — 1900) }days 


Tropical (ordinary) year 
Sidereal year 
Anomalistic year 
Eclipse year 


io i tl 


Synodical (ordinary) month = { 29. 530588102 — 0.00000000294 (¢ — 1900)}days 
Sidereal month = {27.321660890 — 0.00000000252 (¢ — 1900) }days 


Sidereal day (ordinary, two successive transits 
of vernal equinox, might be called equinoctial 
day) = 86164.09054 mean solar seconds 
= 23 h. 56 m. 4.09054 mean solar time 
Sidereal day (two successive transits of same 
fixed star) = 86164.09966 mean solar seconds 


1920, Julian Period = 6633 
January 1, 1920, Julian-day number = 2422325 


Solar parallax = 8.7958” + 0.002” (Weinberg) 
8.807 + 0.0027 (Hincks, Eros) 
8.799 (Sampson, Jupiter satellites; Harvard observations) 
8.80 Paris conference 

Lunar parallax = 3422.63” = 57’ 2.63” (Newcomb) 


Mean distance earth tosun = 149500000 kilometers = 92909000 miles 
Mean distance earth to moon = 60. 2678 terrestrial radii 
= 384411 kilometers = 238862 miles 
Light traverses mean radius of earth’s orbit in 498.580 seconds 
Velocity of light (mean value) in vacuo, 299860 kilometers/sec. (Michelson-Newcomb) 
= 186324 statute miles/sec. 
Constant of aberration = 20.4874" + 0.005” 
20.47 Paris conference (work of Doolittle and others 
indicates value not less than 20. 51) 
Light year = 9.5 X 10!” kilometers = 5.9 X 10” miles 
Parsec, distance star whose parallax is 1 sec. = 31 X 10% km = 19.2 X Io m 
General precession = 50.2564” + 0.000222 (¢f — 1900)” (Newcomb) 
Obliquity of ecliptic = 23° 27’ 8.26” — 0.4684 (¢ — 1900)” (Newcomb) 
Constant of nutation = 9.21” (Paris conference) 
Gravitation constant = 666.07 X 10 1° cm3/g sec? + 0.16 X 10 1° 
Eccentricity earth’s orbit = € = 0.01675104 — 0.0000004180 (¢ — 1900) — 
©.0000000000126 (¢ — 1900)? 
Eccentricity moon’s orbit 0.05490056 (Brown) 
Inclination moon’s orbit 
Delaunay’s y = sin $1 
Lunar inequality of earth 
Parallactic inequality moon 
Boe ade sauccebee = — 19° 21’ 19.3838” + 0.001294 (# — 1900)” 


Pole of Milky Way =R.A., 12h. 48m.; Dec., +27° 


454 
124.785” (Brown) 
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TABLES 541-542. 415 
ASTRONOMICAL DATA. 


TABLE 541.— The First-magnitude Stars. 


Annual 
proper 
motion, 


au 
or 
.6 
58 
8 
4 
£5 
.9 
OS 


Spica t 

B Centaurit... 
Arcturus 

a@ Centauri*.... 
Antares tf.... 


HOD DW WH WOO 0 ON HAIN Wr b 


11 
HHOOHOOOHHHHHOHO c Lal 
WOOHRwAKOKUHONHDUD: 


* Visual binary. t Spectroscopic binary. { Pair with common proper motion. 

§ Wide pair probably optical. 

Mass relative to sun of (7) is 3.1; of (8), 1.5; of (x6), 2.0. For description of types, see Table 534 or Annals of 
Harvard College Observatory, 28, p. 146, or more concisely 56, p. 66, and o1, p.5. The light ratio between successive 
stellar magnitudes is ~/too or the number whose logarithm is 0.4000, viz., 2.512. The absolute magnitude of a star 
is its magnitude reduced to a distance corresponding to 0.1” parallax. 


TABLE 542.— Wolf’s Observed Sun-spot Numbers. Annual Means. 


_ Sun-spot number = &(1o X number of groups and single spots observed + total number of spots in groups and 
single spots). & depends on condition of observation and telescope, equaling unity for Wolf.with 3-in. telescope and 
power of 64. Wolf’s numbers are closely proportional to spotted area on sun. tco corresponds to about 1/5co of 
visible disk covered (umbras and penumbras). Periodicity: mean, 11.13, extremes, 7.3 am 17.1 years. Monthly 
Weather Review, 30, p. 171, 1902; monthly means, revised, 1749-1901; see A. Wolfer in Astronomische Mitteilungen 
and Zeitschrift fiir Meteorologie, daily and monthly values. 


Note: The sun’s apparent magnitude is —26.5, sending the earth 90,000,000,000 times as much light as the star 
Aldebaran. Its absolute magnitude is +-4.8. 
Ratio of total radiation of sun to that of moon about 100.000 to r Tanel 
«s “ “ light OPS 1G) ECS “ ‘“ 400,000 to 1 angley 
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416 TABLES 543-545, 


GEODETICAL AND ASTRONOMICAL TABLES. 
TABLE 543,—Length of Degrees on the Earth’s Surface, 


Miles per degree Km. per degree Miles per degree ~ Km. per degree 


of Long. of Lat. of Lonz. "| of Long. 


ff | | 


69.17 : 111.32 
68.13 d 109.64 
65.03 79 104.65 
59.98 . 96.49 
53-06 : 85.40 
49.00 : 78.85 
44.55 . 71-70 


For more complete table see ‘‘ Smithsonian Geographical Tables,”? 


TABLE 544,—Equation of Time, 


The equation of time when ++ is to be added to the apparent solar time to give mean time. 
When the place is not on a standard meridian (75 th, etc.) its difference in longitude in time 
from that meridian must be subtracted when east, added when west to get standard time (75 th 
meridian time, etc.). The equation varies from year to year cyclically, and the figure following 
the + sign gives a rough idea of this variation. 


M. S. 


+4 247] July 1 —10 12-L 8 
-++o = —14 Se 6 

- ~1} —16 19-4 2 
—I5 2214 
—i10 58+ 8 
— 4 53410 


-+- 
+ 
of 
of 
+ 
+ 


Mean distance| Sidereal po Mean | Gravity 
from the sun. period. Inclination gengity. 


Reciprocals 
Body. 
Km. Mean days. Km. oforbit. | W,0=1 | surface. 


of masses. 


Sun Li. — _ 1391107 
Mercury | 6000000. 58 x 108 87.97 4842 
Venus 408000. 108 “ 244.70 IZIQ1 
Earth * 3293900. 365 .26 12757 
Mars 3093500. 686.98 6784 
Jupiter 1047.35 | 7 4332.59 | 142745 
Saturn 3501.6 10759.20 | 120798 
Uranus -| 22869. 30685 .93 49693 
Neptune 19700. 4 60187 .64 52009 
Moon 7 81.45 27.32 3476 


iS} 
SOrHHNHOHOO 


SS! 


oorO 
aoe 


ROObY 


“N 


#Earth and moon. + Relative to earth. Inclination of axes: Sun 7°.25; Earth 23°.45; Mars 24°.6; 
Jupiter 3°.1; Saturn 26°.8; Neptune 27°.2. Others doubtful. Approximate rates >f rotation: Sun 253d; 
Moon 273d; Mercury 88d; Venus 225d; Mars 24 37™; Jupiter 9° 55™; Saturn Toh 14™, 
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TABLES 546-548. : 417 
ASTRONOMICAL DATA. 


TABLE 546.— Numbers and Equivalent Light of the Stars. 


The total of starlight is a sensible but very small amount. This table, taken from a paper by Chapman, shows 
that up to the 20th magnitude the total light emitted is equivalent to 687 1st-magnitude stars, equal to about the 
hundredth part of full moonlight. If all the remaining stars are included, following the formula, the equivalent addi- 
tion would be only three more rst-magnitude stars. The summation leaves off at a point where each additional magni- 
tude is adding more stars than the last. But, according to the formula, between the 23d and 24th magnitudes there 
is a turning point, after which each new magnitude adds less than before. The actual counts have been carried so 
near this turning point that there is no reasonable doubt of its existence. Given its existence, the number of stars is 
probably finite, a conclusion open to very little doubt. All the indications of the earlier terms must be misleading if 
the margin sarce t and 2 thousand millions is not enough to cover the whole. (Census of the Sky, Sampson, Observ- 
atory, I9gIs. 


Harivalent ate Bautyalent 7s 
ae number otals to number otals to 
Mioeniznde, magnitude, i ‘ magnitude, 


OQ. 
Io. 
Il. 
I2. : 2,020,000 
13. z 3,960,000 
T4. x 7,820,000 
I5. 2 14,040,000 
16. 
7 


18. 
IQ. 70,000,000 
All _ 


6. 
9. 
°. 
°. 
(26 
.O. 
°. 
ROR 
° 
(y5 5 
One 
GE 


-I. 
-0. 
°. 
0.0-1. 
I.0-2. 
2.0-3 
3.0-4. 
4.0-§ 
5.0-0. 
6.0-7. 
7.0-8. 
8.0-9. 


TABLE 547. — Albedos. 


The albedo, according to Bond, is defined as follows: “Let a sphere S be exposed to parallel light. Then its Albedo 
is the ratio of the whole amount reflected from S to the whole amount of light incident on it.” In the following table, 
m = the stellar magnitude at mean opposition; g = magnitude it would have at full phase and unit distance from 
earth and sun; o = assumed mean semi-diameter at unit distance; » = ratio of observed brightness at full phase to 
that of a flat disk of same size and same position, illuminated and viewed normally and reflecting all the incident light 
according to Lambert’s law; g depends on law of variation of light with phase; albedo = gg. Russell, Astrophysical 
Journal, 43, p. 173, 1916. 

Albedo of the earth: A reduction of Very’s observations by Russell gives 0.45 in close agreement with the recent 
value of Aldrich of 0.43 (see Aldrich, Smithsonian Misc. Collections, 69, 1919). 


Visual Photo- 


graphic 
albedo. alkedat 


$$ | | | ———— ——_ | | | — 


0.051 
.60 
.090 
-73: 


Declination |~23° 27’) 15° +5° | +10° | +15° | +20° 


of sun: 
s Feb. 9 } Sept. ro} Apr. 16 | May 1 | May 20 
approx. date: | Dec. 22.) nov 3. : Apr. 3. | Aug. 28.| Aug. 13.| Jan. 24. 


Latitude. 
robe 


r0° 


For more extensive table, see Smithsonian Meteorological Tables. 
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418 TasLes 649-552.—SOLAR ENERCY. 
TABLE 649, —The Solar Constant. 


Solar constant (amount of energy falling at normal incidence on one square centimeter per 
minute on body at earth’s mean distance) = 1.932 calories = mean 696 determinations 1902—12. 
Apparently subject to variations, usually within the range of 7 per cent, and occurring irregularly 


in periods of a week or ten days. 
Computed effective temperature of the sun: from form of black-body curves, 6000° to 7000° 


Absolute ; from Amax. == 2930 and max. = 0.470p, 6230° ; from total radiation, J = 76.8x10-4 x T4, 
5830°. 


TABLE §50.— Solar spectrum energy (arbitrary units) and its transmission by the earth’s atmosphere. 


Values computed from em == eoa™, where em is the intensity of solar energy after transmission 
through a mass of air m; m is unity when the sun is in the zenith, and approximately =sec. 
zenith distance for other positions (see table 556); e.==the energy which would have been ob- 
served had there been no absorbing atmosphere; a is the fractional amount observed when the 


sun is in the zenith. 


Transmission coef- Intensity Solar Energy. aire 


ficients, a. 


Mount Wilson. Washington. 


Mount 

One mile 
nearer 
earth. 

3 | Mount 
ul Whitney. 


UwWNDN = 
aN YN OW 
oun of O OO | 


‘l'ransmission coefficients are for period when there was apparently no volcanic dust in the air. 
* Possibly too high because of increased humidity towards noon. 


TABLE 551. — The intensity of Solar Radiation in different sections of the spectrum, ultra-violet, visual 
infra-red. Calories. 


Wave-length. Mount Whitney. Mount Wilson. Washington. 


pb 
0.00 


0.79 
0.00 


TABLE 652, — Distribution of brightness (Radiation) over the Solar Disk. 
(These observations extend over only a small portion of a sun-spot cycle.) 


Me 
1.655 


39:5 
38.9 
38.2 
37-6 
36.7 
357 
34-7 
33.6 
32.3 


Taken from vols. II and III and unpublished data of the Astrophysical Observatory of the 
Smithsonian Institution. Schwartzchild and Villiger: Astrophysical Journal, 23, 1906. 
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TABLES 553-556. 419 
ATMOSPHERIC TRANSPARENCY AND SOLAR RADIATION. 
TABLE 553.—Transmission of Radiation Through Moist and Dry Air. 


This table gives the wave-length, A; a the transmission of radiation by dry air above Mount 
Wilson (altitude = 1730 m. barometer, 620 mm.) for a body in the zenith; finally a correction fac- 
tor, ay, due to such a quantity of aqueous vapor in the air that if condensed it would form a layer 
I cm. thick. Except in the bands of selective absorption due to the air, a agrees very closely with 
what would be expected from purely molecular scattering. ay is very much smaller than would be 
correspondingly expected, due possibly to the formation of ions by the ultra-violet light from the 
sun. ‘The transmission varies from day to day. However, values for clear days computed as fol- 
lows agree within a per cent or two of those observed when the altitude of the place is such that 
the effect due to dust may be neglected, e. g. for altitudes greater than 1000 meters. If B= 

B 
the barometric pressure in mm., w, the amount of precipitable water in cm., then ag —a® av. w is 
best determined spectroscopically (Astrophysical Journ 35) P. 149, 1912, 37, P. 359, 1913) other- 


wise by formula derived from Hann, w= 2.3ew1o 70, e, being the vapor pressure in cm. at the 
station, h, the altitude in meters. See Table 377 for long-wave transmissicn. 


Bevel || Al} |] calla || oto} || : .720 | .986 


47} | 73} |) EHO || gakoy || : : -970 | .986 
.960 | .965 | .967 | .977 | . : .988 | .990 


Fowle, Astrophysical Journal, 38, 1913. 


TABLE 554. —Brightness of (radiation from) Sky at Mt. Wilson (1730 m.) and Flint Island (sea level). 


inoue 3 
Zenith dist. of zone . 


: 5 5 2 . | 0-152}15-35°/35-50°|50-60°| 60-70°| 70-80°| So-90°/ - | Sun 
108 X mean ratio sky/sun Mt. Wilson . » | 1500*| 400 | 520 | 610 660 700 720 - - 
ss hey Flint Island . 3 115 122 128 | 150 185 210 460 - - 
Ditto X area of zone Mt Wilson . o || BO |) Fsktd  Chagy | Gye I mervieg) |] rae He |] tees} - 636 
ss sf rf Flint Island .  . 3.9 | 17.9 | 22.5 | 21.4 29.2 35-3 80.0 ~ 210 


Altitude of sun . j 6 : i > ‘ - 
Sun’s brightness, cal. per cm.? per min. . = 
Ditto on horizontal surface ; i ° - - 
Mean brightness on normal surfacesky X 108/sun | —- 
Total sky radiation on horizontal cal. per cm.? . 

per m. 5 fs 4 ; c c 6 - .056 | .110 -162 .189 +205 | .225| .240 
Total sun + sky, ditto 5 : : 5 - 302 | .343 686 .969 | 1.246 | 1.581 | 1.747 | 


GO| BRE ag 35° | 474° | 65° 
+533 | .goo | 1.233 | 1.358 | 1.413 | 1.496] 1.521 
.046 | .233 +524 +780 | 1.041 | 1.355 | 1.507 
423 | 403 | .385 365 346 | 326 310 


eo fa 


* Includes allowance for bright region near sun. For the dates upon which the observation of the upper portion of 
table were taken, the mean ratios of total radiation sky/sun, for equal angular areas, at normal incidence, at the island 
and on the mountain, respectively, were 636 X 1o—8 and 210 X 10— 8, on a horizontal surface, 305 X ro—8 and 77 X 10—8; 
for the whole sky, at normal incidence, 0.57 and.o.20; on a horizontal surface 0.27 ando.o7. Annals of the Astro- 
physical Observatory of the Smithsonian Institution, vols. [I and ILI, and unpublished researches (Abbot). 


TABLE 555. —Relative Distribution in Normal Spectrum of Svulight and Sky-light at Mount Wilson. 
Zenith distance about 50°. 


| Place in Spectrum 0.660 
Intensity Sunlight 166 


Intensity Sky-light 174 

Ratio at Mt. Wilson 642 8 105 | 102] 143] 246] 316 
Ratio computed by Rayleigh] —- — | 102] 164} 258} 328 
Ratio observed by Rayleigh} — -— | 102] 168 | 291] 369 


TABLE 556, —Air Masses. 


See Table 174 for definition. Besides values derived from the pure secant formula, the table 
contains those derived from various other more complex formula, taking into account the curva- 
ture of the earth, refraction, etc. ‘The most recent is that of Bemporad. 


Zenith Dist. 


Secant 
Forbes 
Bouguer 
Laplace 
Bemporad 


The Haplace and Bemporad values, Lindholm, Nova Acta R. Soc. Upsal. 3, 1913; the others, Radau’s Actino- 
metric, 1877. 
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420 TaBLes 557-558. 
RELATIVE INTENSITY OF SOLAR RADIATION. 
TABLE 557.— Mean intensity J for 24 hours of solar radiation on a horizontal surface at the top of the 


atmosphere and the solar radiation 1, in terms of the solar radiation, 4,, 
at earth’s mean distance from the sun. 


ReEvaTivE Mgan VERTICAL INTENSITY (4). 
° 


Motion of 
the sun 
i LATITUDE NORTH. 


20° | 30° | 40° | 50° 


0.220 |0.169 |0.117 |0.066 
.244 | .200 | .150 
279 | .245 | .204 
312 | .295 | .260 
#3BO 112320) 320 
-334 | -345 | -349 
-333 | -347 | -352 
-330 | -334 | -33° 
eu || Bios} |) zl) 
.289 | .261 | .225 
.251 | .211 | .164 
224) 50754) 24 


SS Soe OS OS OOOO tO 


0.289 |0.268 |0.241 0.144 |0.133 |0.126 


TABLE 558,— Mean Monthly and Yearly Temperatures. 


Mean temperatures of a few selected American stations, also of a station of very high, two of very low temperature, 
and one of very great and one of very small range of temperature. 


a 
i=} 
i 
oO 


Hebron-Rama (Labr.) 
Winnipeg (Canada) 
Montreal . 0 
Boston . 
Chicago 

Denver 

Washington 

Pikes Peak, 

St. Louis 

San Francisco 

Yuma . 6 

New Orleans 
Massaua . 4 : 
Ft. Conger (Greenl’d) 
Werchojansk . : 
Batavia 
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.5/—15 0l—37.8 
‘ +26.4/+26.2 


Noe 


Lat., Long., Alt. respectively: (rt) - 589.5, 63°.0 W, —; (2) + 49.9, 97.1 W, 233m.3 (3) +45.5, 73-6 W, 57m.; 
(4) +.42.3, 71-1 W, 38m.; (5) + 41.9, 87.6 W, e51m.; (6) $39.7, 105.0 W, r6r3m.3 (7) +38.9, 77-0 W, 34m.; (8) 
+ 38.8, 105.0 W, 4308m.; (9) + 38.6, go.2 W, 173m.; (ro) +-37.8, 122.5 W, 47m.; (rx) 4-327, 114.6 W, 43m.j_ 
G2) soe go.t W, r6m.; (13) + 15.6, 37-5 By om.; (14) +817, 64.7 Wo, —3 (15) +67.6, 133.8 E, rgom.; (16) —6.2, 
106.8 E, 7m. 


Taken from Hann’s Lehrbuch der Meteorologie, 2’nd edition, which see for further data. 
Note: Highest recorded temperature in world = 57° C in Death Valley, California, July 10, 1913. 
Lowest recorded temperature in world = —68° C at Verkhoyansk, Feb. 1892. 
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TABLES 559-561. : 42 I 
THE EARTH’S ATMOSPHERE. ° 
TABLE 559.— Miscellaneous Data. Variation with Latitude. 


Optical ev: Jence of atmosphere’s extent: twilight 63 km, luminous clouds 83, meteors 200, aurora 44-360. Jeans 
computes a density at 170 km of 2 X 10% molecules per cm’, nearly all H (5% He); at 810 km, 3 X 10! molecules 
r cm? almost all H. When in equilibrium, each gas forms an atmosphere whose density decrease with altitude is 
independent of the other components (Dalton’s law, H2O vapor does not). The lighter the gas, the smaller the decrease 
rate. A homogeneous atmosphere, 76 cm pressure at sea-level, of sea-level density, would be 7991 m high. Average 
sea-level barometer is 74 cm; corresponding homogeneous atmosphere (truncated cone) 7790 m, weighs face, m2) 
30,120 kg; this times earth’s area is 52 X 10!4 metric tons or 10-6 of earth’s mass. The percentage by vol. and the 
partial pressures of the dry-air components at sea-level are: No, 78.03, 593.02 mm; Oz, 20.99, 159.52; A, 0.04, 7.1445 
CO2, 0.03, 0.228; Hz, 0.01, 0.076; Ne, 0.0012, 0.009; He, 0.0004, 0.003 (Hann). The following table gives the varia- 
tion of the mean composition of moist air with the latitude (Hann). 


Oz 20.44 : H:0 2.63 COz 0.02 
20.80 p 0.92 0.02 
0.22 0.03 


TABLE 560. — Variation of Percentage Composition with Altitude (Humphreys). 


Computed on assumptions: sea-level temperature 11°C; temperature uniformly decreasing 6° per km up to 
11 km, from there constant with elevation at —55°. J. Franklin Inst. 184, p. 388, 1917. 


Total 
pressure, mm 


Carbon 


dioxide, | Hydrogen. | Helium. 


900999000 
H0000900000 


TABLE 561. — Variation of Temperature, Pressure and Density with Altitude. 


Average data from sounding balloon flights (65 for summer, 52 for winter data) made at Trappes (near Paris), 
Uccle (near Brussels), Strassburg and Munich. Compiled by Humphreys, 16 to 20 m chiefly extrapolated. 


| Summer. Winter. 
Elevation, 
km 


Density Density 
Pressure Fe Pressure ae 
Temp. ° C 2 ry air, Temp. ° C z dry air, 
mm of Hg. E/E mm of Hg. g/emt 
20.0 —51.0 44.1 0.000092 —57.0 39.5 0.000085 
19.0 —51.0 51.5 . 000108 —57.0 46.3 Meofoloy Kole) 
18.0 —51.0 60.0 . 000126 —57.0 54.2 . OOOLL7 
17.0 —51.0 70.0 . 000146 —57.0 63.5 . 000137 
16.0 —51.0 81.7 ,OOO17I —57.0 74.0 . 000160 
15.0 —51.0 05.3 .O00T0Q —57.0 87.1 .000187 
14.0 —5I.0 tced . 000232 —57.0 102.1 .000220 
13.0 —51.0 129.6 .000270 —57.0 II9.5 .000257 
12.0 —5I.0 I51.2 .000316 —57.0 140.0 . 000301 
11.0 —40.5 176.2 .000366 —57.0 164.0 .090353 
10.0 —45.5 205.1 .000419 —54.5 192.0 .000408 
9.0 —37.8 237.8 ,000470 —49.5 224.1 .000466 
8.0 —20.7 274.3 . 000524 —43.0 260.6 .0005 26 
Fee) —22,1 314.9 .000583 —35.4 301.6 . 000590 
6.0 —I5.1 360.2 .000649 —28.1 347.5 .000059 
5.0 —8.9 410.6 .0007 22 —21.2 308.7 1000735 
4.0 —3.0 466.6 . 000803 —1I5.0 455-9 . 000821 
3.0 +2.4 528.9 .000892 —9.3 519.7 . OOOQTS 
B55) +5.0 562.5 .000042 —6.7 554.3 .000067 
2.0 +7.5 598.0 . 000900 —4.7 590.8 . 001023 
ts +10.0 635.4. , 001043 —3.0 6290.6 . 001083 
I.0 +12.0 674.8 . OOIIOO —1.3 670.6 .OO1146 
0.5 +14.5 410.3 ,OOLI57 0.0 714.0 .OOT2T5 
0.0 +15.7 760.0 . 001223 +0.7 760.0 . 001290 


760 mm = 29.921 in. = to13.3 millibars. 1mm = 1.33322387 millibars. 1 bar = 1,000,000 dynes; this value, 
sanctioned by International Meteorological Conferences, is 1,000,000 times that sometimes used by physicists, 
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42 2 TABLES 5€2-563. 
. TERRESTRIAL TEMPERATURES. 


TABLE 562.— Temperature Variation over Earth’s Surface (Hann). 


Temperatures ° C 


Latitude. 


Nore pole 
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TABLE 563.— Temperature Variation with Depth (Land and Ocean). 


Table illustrates temperature changes underground at moderate depths due to surface warming (read from plot 
for Tiflis, Lehrbuch der Meteorologie, Hann and Siiring, 1915). Below 20-30 m (nearer the surface in tropics) there 
is no annual variation. Increase downwards at greater depths, 0.03 = ° C perm (x° per 35 m) l.c. At Pittsburgh, 
1524 m, 49.4°, .0294 per m; Oberschlesien, 2003 m, 70°, .o294 per m; or W. Virginia, 2200 m, 70°, .034° per m (Van 
Orstrand). Mean value outflow heat from earth’s center, o.ooc00172 g-cal/cm?/sec. or 54 g-cal/cm?/year (39 Laby). 
Open ocean temperatures: Greatest mean annual range (Schott) 40° N, 4.2°C; 30°S, 5.1°; but 10° N, only 2.2°; 
50°S, 2.9°. Mean surface temp. whole ocean (Kriimmel) 17.4°; all depths, 3.9°. Below 1 km nearly isothermal with 
depth. In tropics, surface 28°; at 183 m, 11°, 80% all water less than 4.4°. Deep-sea (bottom) temps. range —o,5° to 
+2.6°. Soundings in S. Atlantic: okm, 18.9°; .25 km, 15°; .5 km, 8.3°; 1 km, 3.3°; 3 km, 1.7°; 4.5 km, 0.6°. 


Temperature, centigrade. 


June. July. Aug. 


0.5 
I.0 
r.5 
2.0 
3.0 
4.0 
5.0 
° 


fon 


‘SMITHSONIAN TABLES. 


Taste 564. 423 
GEOCHEMICAL DATA. 


Eighty-three chemical elements (86 including Po, Ac and UrX,) are found on the earth. Besides the eight occur- 
ring uncombined as gases, 23 may be found native, Sb, As, Bi, ©, Cu, Au, Ir, Fe, Pb?, Hg, Ni, Os, Pd, Pt, Rh, Ru, 
Se, Ag, S, Ta?, Te, Sn?, Zn?. Combined the elements form about 1000 known mineral species. Rocks are in general 
aggregates of these species. Some few (e. g., quartzite, limestone, etc.) consist of one specie. We have some knowl- 
edge of the earth to a depth of 10 miles. This portion may be divided into three parts: the innermost of crystalline or 
plutonic rocks, the middle, of sedimentary or fragmentary rocks, the outer of clays, gravels, etc. 93% of it is solid mat- 
ter, 7% liquid, and the atmosphere amounts by weight to 0.03% of it. Besides the 9 major constituents of igneous rock 
(see 7th col. of table) 3 are notable by their almost universal occurrence, TiO., P,O;, and MnO. Bo, Gl, and Sc are also 
widely distributed. ’ 

The density of the earth as a whole is 5.52 (Burgess); continental surface, 2.67 and outer 10 miles of crust, 2.40 
(Harkness). Computed from average chemical composition: outer ten miles as a whole, 2.77; northern continents 
2.73 southern, 2.76; Atlantic basin, 2.83; Pacific basin, 2.88. : ; 

Data of Geochemistry, Clarke, Bul. 616, U. S. Geological Survey, 1916; Washington, J. Franklin. Inst. 190, 


P. 757) 1920. 
AVERAGE COMPOSITION OF KNOWN TERRESTRIAL MATTER. 


Average composition. Average composition of lithosphere. 


Average Igneous 


Hydro- | includ- | Jocks Igneous | ghale : Wei 
: f ; ghted 
Compound. | rocks, 4% average. 


95% 


4 
2 


the 
8. 
Ge 
4. 
3. 
2. 
2. 
2. 
°. 


AT Ths 


AVERAGE Composition OF MetTEorITES: The following figures give in succession the element, atomic number 
(bracketed), and the percentage amount in stony meteorites (Merrill, Mem. Nat. Acad. Sc. 14, p. 28, 1916). The 
“jron” meteorites contain a much larger percentage of iron and nickel, but there is a tendency to believe that with 
such meteorites the composition is altered by the volatilization or burning up of the other material in passing through 
the air. Note the greater abundance of elements of even atomic number (97.2 per cent). 
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424 TABLE 565. 
ACCELERATION OF GRAVITY. 
For Sea Level and Different Altitudes. 
Calculated from U. S. Coast and Geodetic Survey formula, p. 134 of Special Publication No. 40 of that Bureau. 


& = 9.78039 (1 + 0.005204 sin? @ — 0.000007 sin? 2) m 
& = 32.08783 (1 +- 0.005294 sin? @ — 0.000007 sin? 2) ft. 


Pe g Latitude 


£ g g 
cm/sec? ft./sec? ro) cm/sec? log g ft. /sec? 


978.030 .9903562 32.0878 981.071 . 9917004 
.078 - 9903735 . 0891 159 - 9917304 
+195 -9904254 +0929 +247 -99017784 
. 262 -9904552 .OQ51 -336 - 9918177 
- 340 - 9904898 0077 -422 -9918558 


. 384 - 9905004 -O9QT 507 9918934 
«430 - 9905298 . 1007 -592 «9919310 
. 480 -9905520 .1023 -675 - 9919677 
= 532 -9905759 . 1040 -757 - 9920040 
«585 - 99050985 1057 830 9920403 


641 -9906234 .1076 .918 - 9920752 
iO .9906500 . 1095 -905 . 9921073 
. 763 -9906775 . 1116 .070 -9921424 
.825 . 9907050 - 1136 -I45 -9921750 
. 892 .9907348 .1158 .218 - 9922079 


960 .9907649 . 1180 . 288 . 9922388 
.030 . 9907960 .1203 .350 -9922689 
. 10L -9908275 .1227 -422 -9922081 
-175 . 9908603 .1251 Gy - 9923268 
.251 -9908940 .1276 -549 -9923542 


-320 . 9909286 . 1302 . 608 - 9923803 
-407 . 9900632 nae? ; .665 .9924055 
487 9909087 1353 -720 9924208 
- 569 - 9910350 .1380 Te -9924528 
652 - 9910718 . 1407 .822 -9924749 


737 «QQIIOQ5 1435 ' 982.868 9024052 
.822 -QQ11472 .1463 -Q12 -9925147 
908 -9911853 - 1491 954 9925332 
+995 - 9912238 .1520 -992 - 9925500 
.083 .991 2628 .15490 .027 -9925055 


.I71 - 9913018 .1578 .059 -9925706 
. 201 - 9913417 . 1607 .089 -9925929 
+350 - 99013812 .1636 .II5 - 9926043 
-440 - 9914210 . 1666 -139 -9926149 
- 531 - 9914613 . 1696 . 160 -9926242 


.621 -QOI501I .1725 -178 .9926321 
.7IL - 9915410 -1755 - 191 - 9926379 
.802 -QOI5814 .1785 - 203 -9926432 
.8092 -9Q162T2 . 1814 .211 - 9926467 
. 981 - 9916606 . 1844 -217 -99260494 


To reduce log g (cm. per sec. per sec.) to log g (ft. per sec. per sec.) add log 0.03280833 = 8.5159842 — Io. 
The standard value of gravity, used in barometer reductions, etc., is 980.665. It was adopted by the International 
Committee on Weights and Measures in 1901. It corresponds nearly to latitude 45° and sea-level. 


FREE-AIR CORRECTION FOR ALTITUDE. 


—0.0003086 cm/sec2?/m when altitude is in meters. 
—0.000003086 it/sec?/ft when altitude is in feet. 


Altitude. Correction. Correction. 


—o.0617 cm/sec? —o.000617 ft./sec? 
.0926 . 000926 


.1234 . 001234 
+1543 .OO0T543 
-1852 . 001852 
. 2160 002160 
. 2469 .002469 
+2777 002777 
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TABLE 566. 42 5 
GRAVITY. 


The following more recent gravity determinations (Potsdam System) serve to show the accuracy which may be 
assumed for the values in Table 565, except for the three stations m the Arctic Ocean. The error in the observed gravity 
is probably not greater than o.o10 cm/sec, as the observations were made with the half-second invariable pendulum, 
using modern methods. 

’ In recent years the Coast and Geodetic Survey has corrected the computed value of gravity for the effect of ma- 

terial above sea-level, the deficiency of matter in the oceans, the deficiency of density in the material below sea-level 
under the continents and the excess of density in the earth’s crust under the ocean, in addition to the reduction for 
elevation. Such corrections make the computed values agree more closely with those observed. See special publica- 
tion No. 40 of the U. S. Coast and Geodetic Survey entitled, “Investigations of Gravity and Isostasy,” by William 
Bowie, 1917; also Special Publication No. 1o of same bureau entitled, “Effect of Topography and Isostatic Compen- 
sation upon the Intensity of Gravity,” by J. F. Hayford and William Bowie, ror2. 


Gravity, cm/sec? 


Elevation, 


Latitude. TASS. 


Observed. Reduced to 
sea-level. 


Kodaikanal, India 
Ootacamund, India 


Jamestown, St. Helena 
Cuttack, India 

Amraoti, India 
Jubbulpur, India 

Gaya, India 

Siliguri, India 

Kuhrja, India 

Galveston, Texas 

Rajpur, India 
Alexandria, La 

St. Georges, Bermuda 
McCormick, S. C 
Shamrock, Texas 
Cloudland, Tenn 

Mount Hamilton, Cal 
Kala-i-Chumb, Turkestan 
Denver, Col 

Hachinohe, Japan 
(Clanaao. Neat Amarone ane Once led Sree 
Albany, N. Y 

Florence, Italy 
Minneapolis, Minn 
Simplon Hospice, Switzerland 
Fort Kent, Me 
Sandpoint, Idaho 
Medicine Hat, Canada 
Field, Canada 

Magleby, Denmark 
Copenhagen, Denmark 
St. Paul Island, Alaska 
Fredericksvarn, Norway 
Christiania, Norway 
Ashe Inlet, Hudson Strait 
St. Michael, Alaska 
Hatnarfjordr, Iceland 
Niantilik, Cumberland Sound 
Glaesibaer, Iceland 
Sorvagen, Norway 
Umanak, Greenland 
Danes Island, Spitzbergen 
Arctic Sea 

Arctic Sea 

Arctic Sea 


HAH HWNATOHNHWOHHNHDHAHNHNNNNHNHHNNHNHNHNHNHNDHNNDHNHNNHNHNNHNHNHNNNHNHNDHNA 


References: (1) Report 16th General Conference International Geodetic Association, London and Cambridge, 
1go9, 3d Vol. by Dr. E. Borrass, 1911; (2) U.S. Coast and Geodetic Survey, Special Publ. No. 40; * (3) U.S. Coast 
anti Geodetic Survey, Report for 1897, Appendix 6.* 


* For references (2) and (3), values were derived from comparative experiments with invariable pendulums, the 
value for Washington being taken as 980.112. For the latter, Appendix 5 of the Coast and Geodetic Survey Report 
for 1901, and pages 25 and 244 of the 3d vol. by Dr. E. Borrass in 1911 of the Report of the 16th General Conference 
of the Intern. Geodetic Association, London and Cambridge, 1909. As a result of the adjustment of the net of gravity 
base stations throughout the world by the Central Bureau of the Intern. Geodetic Association, the value of the Wash- 
ington base station was changed to 980.112. 
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426 TABLE 567. 
ACCELERATION OF GRAVITY (g) IN THE UNITED STATES. 


The following table is abridged from one for 219 stations given on pp. 50 to 52, Special Publication No. 4o, U.S. 
Coast and Geodetic Survey.’ The observed values depend on relative determinations and on adopted value of 980.112 
for Washington (Coast and Geodetic Survey Office, see footnote, Table 566). There are also given terms necessary 
in reducing the theoretical value (Table 565) to the proper elevation (free-air) and to allow for topography and isostatic 
compensation by the Hayford method (see introductory note to Table 566). ; Y : 

To a certain extent, the greater the bulk of material below any station, the less its average density. This phenomenon 
is known as isostatic compensation. The depth below sea-level to which this compensation extends is about 96 km. 
Below this depth any mass element is subject to equal (fluid) pressure from all directions. 


Correction. 


Eleva- | Observed 


Station. Latitude. Longitude. tion, Topography 


§ 
meters. | cm/sec? | Elevation, | and com- 
cm/sec? pensation,. 
cm/sec? 


Key West, Fla 

New Orleans, La 

Austin, Tex. university 

El Paso, Tex 

Yuma, Ariz 

Charlestontisy Geer eenee aes 
Birmingham, Ala 

Arkansas City, Ark 

Atlanta, Ga. capitol 
Beaufort, N. C 

Little Rock, Ark 

Memphis, Tenn 

Charlotte, N. C 

Las Vegas, N. Mex.......... 
Knoxville, Tenn 

Grand Canyon, Ariz 
Cloudland, Tenn 

Mount Hamilton, Cal., Obs’y. 
Richmond, Va 

San Francisco, Cal 

St. Louis, Mo., university.... 
BikejspPealoColy aan 
Colorado Springs, Col........ 
Washington, D. C., Bur. St’ds. 
Wallace, Kans 

Green River, Utah 
Cincinnati, Ohio, obs’y 
Baltimore, Md., university... 
Terre Haute, Ind 

Denver, Col., university obs’y. 
Philadelphia, Pa., university... 
Wheeling, W. Va 

Princeton, N. J 

Pittsburg, Pa 

Salt Lake City, Utah 

New York, N. Y., university. 
Winnemucca, Nev 

Cleveland, Ohio 

Chicago, Ill., university...... 
Worcester, Mass 

Cambridge, Mass. observatory 
Ithaca, N. Y., university.... 
Fort Dodge, Iowa 

Grand Rapids, Mich......... 
Madison, Wis., university... . 
Boise, Idaho 

Mitchell, S. Dak. university. . 
Lancaster, N. H 

Grand Canyon, Wyo 
Minneapolis, Minn 

Calais, Me 

Miles City, Mont. 

Seattle, Wash. university.... 
Pembina, N. Dak 
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TABLES 568-569. : 427 


TABLE 568.— Length of Seconds Pendulum at Sea Level and for Different Latitudes. 


Length 


Length 
ayaa Log. in Log. 


inches. 


1.996056 | 39.0141 | 1.591222 99.4033 | 1.007401 | 39.1351 -592506 
-996074 -O157 | .501230 -4475 | -997504 -1525 -592760 
- 996126 -0204 - 591292 - 4891 -997770 . 1689 - 592041 
-9962I0 0279 - 501375 . 5266 -997939 - 1836 - 5903104 
- 996324 .0382 “591490 é - 998081 -1964 - 503240 

I.9906465 -0500 - 5916031 ; -998196 . 2068 - 593361 
- 996629 .0056 - 501704 -6 - 998280 -2144 - 503446 
- 996810 .O8I9 - 5919076 -998332 . 2101 - 593408 
- 997002 -0992 - 592168 z -998350 . 2207 -503515 
- 997201 Senge - 5923607 —_ 


Calculated from Table 565 by the formula / = g/m. For each too ft. of elevation subtract 0.000953 cm 
OF 0.000375 in. or 0.0000313 ft. This table could also have been computed by either of the following formu- 
lae derived from the gravity formula at the top of Table 565. 
1 = 0©.990961(r + 0.005294 sin? — 0.000007 sin?2@) meters 
1 = 0.990961 + 0.005246 sin? — 0.000007 sin?2@ meters 
1 = 39.014135(1 + 0.005294 sin? — 0.000007 sin?2@) inches. 
1 = 39.014135 + 0.206535 sin?@ — 0.000276 sin?2@ inches. 


TABLE 569.— Miscellaneous Geodetic Data. 


6378388 = 18 meters; 


3063 .330 miles. 
6356909 meters; 
3949.992 miles. 


207.0 0.5 


= a = 6378206 meters; 
39063.225 miles. 
Polar semi-diameter = 6 = 6356584 meters; 
3949.790 miles. 
Reciprocal of flattening = == 295.0 
a — B2 
a2 


Equatorial radius 


“py04ayds 94401) 


Square of eccentricity = 0.006768658 0.0067 237 = ©.0000120 


Difference between geographical and geocentric latitude = @ — gf! = 
688.2242” sin 2@ — 1.1482” sin 4@ + 0.0026” sin 6. 


Mean density of the earth = 5.5247 + 0.0013 (Burgess Phys. Rev. 1902). 


Continental surface density of the earth = 2.67 
Mean density outer ten miles of earth’s crust = 2.40 


\ Harkness. See also page 423. 


Constant of gravity, 6.66 X to 8c.g.s. units. Mass = 5.997 X 1027 c.g.s. units. 


Rigidity = = 8.6 X to" c.g:s. units. A. A. Michelson, Astrophysical Journal, 39, 
Viscosity = e = 10.9 X 10!6 c.g.s. units (comparable to steel). Pp. 105, 1914. 


Moments of inertia of the earth; the principal moments being taken as A, B, and C; and C the greatest: 
. CA ieee Goat = Ee 
CER cae ey Ps 306.259 
C — A = 0.001064767 Ea?; 
A = B = 0.325029 Ea; 
C = 0.226094 Ea?; 
where £ is the mass of the earth and a its equatorial semi-diameter. 


Velocity of Compressional Earthquake Waves and Elastic Constants of Rocks. 


Depth Velocity* Velocity} Poisson’s Ratio. 
okm 7.4 km/sec. 7-17 km/sec. 0.258 
100 : 7-76 7-59 +273 
300 8.57 8.42 272 
600 = 9.62 -274 
1000 11.24 11.07 270 
1400 12.06 12.40 - 
2500 12.95 12.95 = 
* Adams and Williamson. + Weichert. 
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428 TABLE 570. 
TERRESTRIAL MAGNETISM. 


Secular Change of Declination. 


Changes in the magnetic declination between 1810, the date of the earliest available observations, and 1920. Based 
on tables in “Distribution of the Magnetic Declination in Alaska and Adjacent Regions in 1910” and “ Distribution 
of the Magnetic Declination in the United States for January 1, rors,’”’ published by the United States Coast and 
Geodetic Survey. For a somewhat different set of stations, see 6th Revised Edition of the Smithsonian Physical Tables. 


Station. 1810 | 1820 | 1830 | 1840 | 1850 | 1860 | 1870 | 1880 | 1890 


5.2E| 4.7E] 4.1E} 3. 
6.65] 6.1E] 5.55] 4. 
28.7 E|29. .3 E|20. 
26.25/25. .2E/24. 
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TERRESTRIAL MAGNETISM (continued). 
Secular Change of Declination (concluded). 
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430 TABLES 571-572. 
TERRESTRIAL MAGNETISM (continued). 
TABLE 571. — Dip or Inclination. 


This table gives for the epoch January 1, 1915, the values of the magnetic dip, J, corresponding to the longitudes 
west of Greenwich in the heading and the north latitudes in the first column. 
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TABLE 572.— Secular Change of Dip. 


Values of the magnetic dip for places designated by the north latitudes and longitudes west of Greenwich in the 
first two columns for January 1 of the years in the heading. The degrees are given in the third column and the minutes 


in the suceeding columns. 


6 Long- 
| Latitude. E 1870|1875(t880|1885|1890|1895|1900| tg05 | I91O | TOTS 
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TABLES 573-574. "43k 
TERRESTRIAL MAGNETISM (continued). 
TABLE 573.— Horizontal Intensity. 


This table gives for the epoch January 1, rors, the horizontal intensity, H, expressed in cgs units, corresponding to 
the longitudes in the heading and the latitudes in the first column. 


TABLE 574.— Secular Change of Horizontal Intensity. 


Values of horizontal intensity, H, in cgs units for the places designated by the latitude and longitude in the first 
two columns for January 1 of the years in the heading. 
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4 32 : TABLES 575-576. 
TERRESTRIAL MAGNETISM (continued). 


‘TABLE 575.— Total Intensity. 


This table gives for the epoch January 1, ro15, the values of the total intensity, F, expressed in cgs units corre- 
sponding to the longitudes in the heading and the latitudes in the first column. 


‘ TABLE 576.— Secular Change of Total Intensity. : 


Values of total intensity, F’, in cgs units for places designated by the latitudes and longitudes in the first two columns 
for January 1 of the years in the heading. 


Lat. | Long.| 1855 | 1860 | 1865 | 1870 | 1875 | 1880 | 1885 | 1890 | 1895 | I900 | I905 | I9rO | IQIS 


+5396) .5363) . 3 .5208} .5178| .5160 
-4033] .4914| . : 4879] .4876] .4862 
-5735| 5710] . : +5540] -5534| «5510 
+5595] »5567] . ; 5444] .5442| .5426 
-5182| .5140| . : .5092] .5086] .5068 


.6048] .6008] . , . 5838] .5823) . 5796 
-5003} .5966] . 5 ; . 5868} .586r| .5834 
—_ +5720] . : 5 . 5630] .5627| .560 
-5457| .5428) . : +5342] .5330] «530 
.6204| .6190] . .6 .6022] .5001] .5048 


.6246} .6233 .6133] .6118] .6089 
6040] .6o0rt} . .5055| »5044| «5012 
+5739! .5720 50 .5647| .5622] .558r 
.6126} .6107] .6 ; +5080} .5962| .5023 
-6320] .6320| . A .6r71| .6257| .6r21 


.6522] .6405 “ .63490] 6344] .6315 
ea ees “626 é 


: .6232] .6206] .6170 
-6000] .5978] . ; .5837| .5820| .5784 
.6540| .6508] . 5 .6424] .6426] .6380 
. 6098} .6083] . ; .6008] .5007| .5963 


SMITHSONIAN TABLES- 


TABLES 577-578. 433 
TERRESTRIAL MAGNETISM (continued). 
TABLE 577. — Agonic Line. 


The line of no declination appears to be still moving westward in the United States, but, as the line of no annual 
change is only a short distance to the west of it, it is probable that the extreme westerly position will soon be reached, 


Longitudes of the agonic line for the years 


1875 1890 
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TABLE 578.— Mean Magnetic Character of Each Month in the Years 1906 to 1922, 


_ Means derived from daily magnetic characters based upon the following scale: o, no disturbance; 1, moderate 
disturbance, and 2, large disturbance. 
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* Compiled from annual reviews of the ‘‘ Caractére magnétique de chaque jour,” prepared by the Royal Meteoro- 
logical Institute of the Netherlands for the International Commission for Terrestrial Magnetism. 
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434 TABLE 57). 


RECENT VALUES OF THE MAGNETIC ELEMENTS AT MAGNETIC OBSERVATORIES. 
(Compiled by the Department of Terrestrial Magnetism, Carnegie Institution of Washington.) 


Magnetic elements. 


Middle | 
Place. of Intensity (cgs units). 
| year. | Declination. | Inclination. | 


ia 


atitude. | Longitude. 


Hor. 


’ °c , ° , 
| Pavlovsk..< 222 V2 0-eee 59 4tN 30 29 E I 09.9 E 70 37-7 N | .1650 
Sitka . Jeaace dopeseae 57 03 N | 3135 20 W 30 24.0E 74 26.0N | .1558 
Katharinenburg...... 56 soN 60 38 E ce eo 70 52.2N | .1762 
a SKOV ioscan 55 =o 12 pee : 44.3 . = see as 
Sart eee ae ees 55 472 49 09.1 17.3) . 1802 
Eskdalemuir......... 5s x9 N 3.12W 17 54.9 W | 60 37.3 N | .1682 
Stonyhurst.......... 53 51N 2 28 W 16 38.0 W | 68 41.4N | .1734 
Wilhelmshaven 53 32 N 8 og E Ir 28.2 W | 67 30.7N | .1811 
Soe oekwenebebee 52 23 = 13 ee A ore = e 27.1 * ae 
MCCANN ss Gefen mE pee 52 173 I3 O1 .9 W 24.1 N | .1874 
aes site Sok cp eee 52 16 N IO4 =i I ae = ae aon ae 
ht | eee 52 O06 N 5 II I2 22. y 46.5 N | .1851 
Watenisr = 75. Sas 5 seme er 56N 10 15 W 20 19.6 W | 68 09.2 N 1789 
aie Le cccs eens 5r 48 4 be) ae IO 40.3 = _ _ 
OCHO S. 6.5s5 seine cs 51 29) 7 14 II 39.4 —_— —_ 
( Rew... oc... sseees 51 28N °o 19 W 15 18.4 W | 66 56.6N | .1846 
| Greenwich........... 51 = * ° = 14 46.9 - e 52.8N | .1849 
bP. Jak wonnenee 50 48} 4 21 13 13.9 W oo.1 } . 1902 
Hermsdork. oo scc'eees 50 46N }| 16 14E 6 58.2 W — _— 
Beuthen: 05.222 -bee er 50 21 N 18 55 E 612.3 W — 
Palmouth.; 2. se22cs 50 og N 5 05 W 17 24.2 W | 66 26.6N 1830 
Prapoe. 62 Psc oe eee 50 o5 N 14 255 7 50.3 W — = 
CeCOW cues acnetee 50 o4 N Ig 58E 5 03.3 W | 64 18.4N — 
Val jovyeux--3 222. 48 49 N 20rE 13 50.2 W | 64 38.9N 1974 
Misc os eee ee apes Sue eecigar 63 06.2 N | .2063 
ae 48 03} I4 9 02.4 =_ — 
O'Gyalla (Pecth) noe 4753N]| 18 12E 617.5 W — 2106 
Oelessa sso ee os 46 26N 30 46E 3 35-9 W | 62 26.9N 2171 
Pol. Ss wae ee 44 52N 13 51 E 7 30.0 W | 60 05.21 N 2217 
Agincourt (Toronto)..| 43 47 N | 79 16 W 6 33-4 W | 74 43.5N] .1500 
erpignan........... Ae ae eee | peg _ 
yrs arava uee ue cen 4r 43} 44 3 09.1 56 5z.1} 2522 
a Hina 4os52N] 1415E _ 56 z1.7 N mes 
Ebro (Tortosa). 40 49N 0 31E 12 51.6 W | 57 47-5N 2330 
Coimbra 49 12 N 8 25 W 15 57.5 W | 58 34.7N 2305 
Baldwin*®.-...1.22.! 33 47 N 95 ro W 8 34.0 E 68 30.2 N 2167 
Cheltenham......... 38 44N 76 50 W 6 07.6 W | 70 49.0N 1934 
San Fernando........ 36 28 N 6i2W I4 51.7 Ww 54 206N 2404 
PES Peoceee cess co: 35 41 N | 139 45E 5 03.4 W | 48 53.7N | .3000 
i Eleeerh Bae oat te 215 = IIo sc 13 44-4 = 59 26.1 - 2706 
ukiapang *¥........ 31 19 N | 121 02 2 50- 45 34.9) 3323 
oe DN. space 30 19 a 78 03 = 2 38.8 = aA ao = 3316 
elwAan)c.0 2s <se eee 29 52) 3I 20 2 17.0 40 47.62) 3003 
Barrackpore f........] 22 46 N 88 22E © 32.2 E | 30 58.9N | .3740 
Bonpkong 752.1222 22 18N | 114 10 E o 13.8 W | 30 51-8N | .3736 
Honolte. 525 oncsss 21 19 N | 158 04 W 9 43-8 E | 39 29.2N 2896 
Toungoo jowaemeee et 18 56 N 96 27E © 02.6 E |} 23 06.1 N 3898 
ie eal ee ee Ww Sia wis ern oe 
aes TP eae: 14 36 = I2I aa © 40.9 = 16 18.2 = 3820 
2A r) Ae Se 10 144N 77 2 zr 37-5 4 12.2N | .3757 
Batavia-Buitenzorz...] 6 12S 708 49E ° 47.3 E | 31 19.458 3668 
St. Paul de Loanda...| 8 48S 13 13E£ 16 12.3 W | 35 32.2S 2012 
Samoa (Apia2)........ 13 48S | 171 46 W 9 59-9 E | 29 54.58 353 
1855S | 47 32E 9 20.7 W | 54 05.758 | .2533 
20 0 S 57 33 E 9 47.6 W | 52 54.6S 2320 
3r 40S 63 53 W 8 40.4 E | 25 41.58 2560 
33 ae 70 42 = 57-9 = Ze ee = 
43 32 172 37 IO 44. 7 59- 2241 
5445S] 64 03 Wt 15 42.6 E | 5003.68 2717 
69 455 42 32 W 5 E oS 2534 


ss 
.s 

a 
om 
rs 
tS) 

OV 
n 


* Baldwin Obs’y replaced by — Obs’y, Oct. 1909; mean given for Jan.—Oct. ’o9. 
** Replaced Zi-ka-wei Obs’ ae + Observations discontinued Apr. 26, r9r5. 
¢ Provisional values taken for position of Port Cork, p. 298, American Practical Navigator, 1914 edition. 
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APPENDIX. 
DEFINITIONS OF UNITS. 


ACTIVITY. Power or rate of doing work; unit, the watt. 

AMPERE. Unit of electrical current. The international ampere, “ which is one-tenth 
of the unit of current of the C. G. S. system of electro-magnetic units, and which 
is represented sufficiently well for practical use by the unvarying current which, 
when passed through a solution of nitrate of silver in water, and in accordance 
with accompanying specifications, deposits silver at the rate of o.oori1800 of a 
gram per second.” 

The ampere—=1 coulomb per second =1 volt through 1 ohm=10~ E. M. U.=3 X 
i = S. Us 

Amperes = volts/ohms = watts/volts = (watts/ohms)#. 

Amperes X volts = amperes * X ohms = watts. 

ANGSTROM. Unit of wave-length=—1o0~™ meter. 

ATMOSPHERE. Unit of pressure. 

English normal= 14.7 pounds per sq. in. = 29.929 in. = 760.18 mm Hg. 32° F. 
French “  =760 mm of Hg. o° C= 29.922 in. —=14.70 Ibs. per sq. in. 

BAR. A pressure of one dyne per cm.* Meteorological “ bar” = 108 dynes/cm?. 

BRITISH THERMAL UNIT. Heat required to raise one pound of water at its tem- 
perature of maximum density, 1° F.=252 gram-calories. 

CALORIE. Small calorie—= gram-calorie— therm = quantity of heat required to 
raise one gram of water at its maximum density, one degree Centigrade. 

ge Calorie —kilogram-calorie= 1000 small calories = one kilogram of water raised 
one degree Centigrade at the temperature of maximum density. 
For conversion factors see page 197. 

CANDLE, INTERNATIONAL. The international unit of candlepower maintained 
jointly by national laboratories of England, France and United States of America. 

CARAT. The diamond carat standard in U. S.=200 milligrams. Old standard 
= 205.3 milligrams — 3.168 grains. 

The gold carat: pure gold is 24 carats; a carat is 1/24 part. 

CIRCULAR AREA. The square of the diameter — 1.2733 X true area. 

True area = 0.785308 X circular area. 

COULOMB. Unit of quantity. The international coulomb is the quantity of electricity 
transferred by a current of one international ampere in one second. = 107 E. M. U. 
ete be SU: 

Coulombs = (volts-seconds) /ohms = amperes X seconds. 

CUBIT = 18 inches. 

DAY. Mean solar day = 1440 minutes = 86400 seconds = 1.0027379 sidereal day. 
Sidereal day — 86164.10 mean solar seconds. 

DIGIT. 3/4 inch; 1/12 the apparent diameter of the sun or moon. 

DIOPTER. Unit of “power” of a lens. The number of diopters=—the reciprocal of 
the focal length in meters. 

DYNE. C.G. S. unit of force—=that force which acting for one second on one gram 
produces a velocity of one cm per sec. —=Ig ~ gravity acceleration in cm/sec./sec. 
ynes = wt. in g X acceleration of gravity in cm/sec./sec. 

ELECTROCHEMICAL EQUIVALENT is the ratio oi the mass in grams deposited 
in an electrolytic cell by an electrical current to the quantity of electricity. 

ENERGY. See Erg. 

ERG. C.G.S. unit of work and energy = one dyne acting through one centimeter. 

For conversion factors see page 197. 

FARAD. Unit of electrical capacity. The international farad is the capacity of a con- 
denser charged to a potential of one international volt by one international coulomb 
of electricity —= 10° E. M. U.=9X 10° E. S. U. 

The one-millionth part of a farad (microfarad) is more commonly used. 
Farads = coulombs/volts. 


*E. M. U.=C. G. S. electromagnetic units. E. S. U.=C. G. S. electrostatic units. 
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FOOT-POUND. The work which will raise one pound one foot high. 

For conversion factors see page 197. eg” 

FOOT-POUNDALS. The English unit of work = foot-pvtinds/g. 

For conversion factors see page 197. 

g. The acceleration produced by gravity. 

GAUSS. A unit of intensity of magnetic field —=1 E. M. U.=4 107° E. S. U. 

GRAM. See page 6. 

GRAM-CENTIMETER. The gravitation unit of work=g. ergs. 

GRAM-MOLECULE= + grams where = molecular weight of substance. 

GRAVITATION CONSTANT =G in formula G ed = 6.8 x 10-7” em.?/s5, sees 

HEAT OF THE ELECTRIC CURRENT generated in a metallic circuit without 
self-induction is proportional to the quantity of electricity which has passed in 
coulombs multiplied by the fall of potential in volts, or is equal to (coulombs X volts) 
/4.181 in small calories. 

The heat in small or gram-calories per second = (amperes? & ohms) /4.181 = volts?/ 
(ohms X 4.181) = (volts X amperes) /4.181 = watts/4.181. 

HEAT. Absolute zero of heat =— 273.1° C. 

HEFNER UNIT. Photometric standard; see page 260. 

HENRY. Unit of induction. It is ‘the induction in a circuit when the electromotive 
force induced in this circuit is one international volt, while the inducing current 
varies at the rate of one ampere per second.” = 109 E. M. U.=1/9 X Io E. S. U. 

HORSEPOWER. The English and American horsepower is defined by some author- 
ities as 550 foot-pounds per second and by others as 746 watts. The continental 
horsepower is defined by some authorities as 75 kilogrammeters per second and by 
others as 736 watts. See page 197. 

JOULE. Unit of work—1o' ergs. For electrical Joule see p. xxxvii. 

Joules = (volts” x seconds) /ohms = watts X seconds = amperes’ X ohms sec. 

For conversion factors see page 197. 

JOULE’S EQUIVALENT. The mechanical ecuivalent of heat 4.185 xX Io" ergs. 
See page 1097. 

KILODYNE. tooo dynes. About I gram. 

KINETIC ENERGY in ergs= grams X (cm./sec.)*/2. 

LITER. See page 6. 

LUMEN. Unit of flux of light-candles divided by solid angles. 

MEGABAR. Unit of pressure = 1000000 bars—0.987 atmospheres. 

MEGADYNE. One million dynes. About one kilogram. 

METER. See page 6. , 

METER CANDLE. The intensity of lumination due to standard candle distant one 
meter. 

MHO. The unit of electrical conductivity. It is the reciprocal of the ohm. 

MICRO. A prefix indicating the millionth part. 

MICROFARAD. One-millionth of a farad, the ordinary measure of electrostatic 
capacity. 

MICRON. (#) =one-millionth of a meter. 

MIL. One-thousandth of an inch. 

MILE. See pages 5, 6. 

MILE, NAUTICAL or GEOGRAPHICAL = 6080.204 feet. 

MILLI-. A prefix denoting the thousandth part. ; 

MONTH. The anomalistic month=time of revolution of the moon from one perigee to 
another = 27.55460 days. 

The nodical month = draconitic month =time of revolution from a node to the same 
node again = 27.21222 days. 

The sidereal month—the time of revolution referred to the stars==27.32166 days 
(mean value), but varies by about three hours on account of the eccentricity of the 
orbit and “ perturbations.” 

The synodic month=the revolution from one new moon to another = 29.5306 days 
(mean value) =the ordinary month. It varies by about 13 hours. 
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OHM. Unit of electric: 1 resistance. The international ohm is based upon the ohm 
equal to 10° units of resistance of the C. G. S. system of electromagnetic units, and 
“is represented by the resistance offered to an unvarying electric current by a 
column of mercury, at the temperature of melting ice, 14.4521 grams in mass, of a 
constant cross section and of the length of 106.3 centimeters.’—=10? E. M. U. 
SWHON SC ws Sy UL 

International ohm = 1.01367 B. A. ohms = 1.06292 Siemens’ ohms. 
B. A. ohm= 0.98651 international ohms. 
Siemens’ ohm == 0.94080 international ohms. 

PENTANE CANDLE. Photometric standard. See page 260. 

PIl=7=ratio of the circumference of a circle to the diameter = 3.14159265350. 

POUNDAL. The British unit of force. The force which will in one second impart a 
velocity of one foot per second to a mass of one pound. 

RADIAN = 180°/m = 57.29578° = 57° 17’ 45” = 206265". 

SECOHM. A unit of self-induction=1 second < 1 ohm. 

THERM = small calorie= (obsolete). 

THERMAL UNIT, BRITISH =the quantity of heat required to warm one pound of 
eee at its temperature of maximum density one degree Fahrenheit 252 gram- 
calories. 

VOLT. The unit of electromotive force (E. M. F.). The international volt is “the 
electromotive force that, steadily applied to a conductor whose resistance is one 
international ohm, will produce a current of one international ampere. The value 
of the E. M. F. of the Weston Normal cell is taken as 1.0183 international volts at 
20, €.— 10 EK. M. U.==1/300 E. S. UL See page 107. 

VOLT-AMPERE. Equivalent to Watt/Power factor. 

WATT. The unit of electrical power = 10" units of power in the C. G. S. system. It is 
represented sufficiently well for practical use by the work done at the rate of one 
Joule per second. : 

Watts = volts X amperes = ampere X ohms = volts’/ohms (direct current or alter- 
nating current with no phase difference ). 

For conversion factors see page 197. 

Watts & seconds = Joules. 

WEBER. A name formerly given.to the coulomb. 

WORK in ergs=dynes cm. Kinetic energy in ergs—=grams X (cm./sec.) ?/2. 

YEAR. See page 414. 

Anomalistic year = 365 days, 6 hours, 13 minutes, 48 seconds. 
Sidereal me 3058 | Gas Gres Oia: ha. 
“cc == 05 66 5 i 48 66 46 + 66 
“same as the ordinary year. 


Ordinary 
_ Tropical 
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TABLE 580. 
TEMPERATURE MEASUREMENTS. 


The ideal standard temperature scale (Kelvin’s thermodynamic scale, see introduction, p. xxxiv) is in- 
dependent of the properties of any substance, and would be indicated by a gas thermometer using a perfect 
gas. The scale indicated by any actual gas can be corrected if the departure of that gas from a perfect gas 
be known (see Table 206, p. 195, —also Buckingham, Bull. Bur. Standards, 3, 237). The thermodynamic 
correction of the constant-pressure scale at any temperature is very nearly proportional to the constant pres- 
sure at which the gas is kept and that for the constant-volume scale is approximately proportional to the 
initial pressure at the ice-point. The gas thermometer has been carried up to the melting point of palla- 
dium, 1822° K (1549° C) (Day and Sosman, Am. J. Sc., 29, p. 93, 1910). 

A proposed international agreement divides the temperature scale into three intervals. The first inter- 
val, —40° to 450° C, uses the platinum resistance thermometer calibrated at the melting point of ice, 0° C, 
at saturated steam, 100° C, and sulphur vapor, 444.6° C, all under standard atmospheric pressure. Points 
on the temperature scale are interpolated by the Callendar formule: 


Res TR t i t 
Se ee — Pt=6 4 — —1 -— 
Pt Ree TOO OLE j mG ea 


where t is the temperature, R, the resistance, Pt, the platinum temperature, and 6, a constant. 

Temperatures in the secondinterval are measured by a standard platinum-platinum-rhodium couple cal- 
ibrated say at the freezing points of zinc, 419.4° C, cadmium, 320.9° C, antimony, 630° C, and copper free 
from oxide, 1083° C. These points furnish constants for the formula, e =a + bt + ct? (see Sosman, Am. J.Sc., 
30, p. I, I9T0). 

For the region above 1100° C most experimenters base their results upon certain radiation laws. These 
laws all apply to a black body and the temperature of a non-black body cannot be determined directly with- 
out correction for its emissive power. For standard points the melting points of gold, 1336° K and palla- 
dium 1822° K, are convenient. 

Above 1336° K the optical pyrometer is generally used with a calibration based upon Wien’s equation 


= Se) 
Ix = CyA-5e AT 
. 


By comparing the brightness of a black body at two temperatures and applying this equation, the following 


formula results: 
__ Celoge § 1 — a 
log R= Si Tt 


where R is the ratio of the brightnesses, A, the wave-length used, Ti and Te, the two temperatures, and cg 
= 14.256 uw deg. Thus if R is measured and one temperature known, the other can be calculated. 

A table of the standard fixed points is given in Table 207, p. 195. With these determined there comes the 
difficulty of maintaining this temperature scale both from the standpoint of the standardizing laboratory 
and the man using the temperature scale in the practical field. In the region of the platinum-resistance 
thermometer and the thermocouple, standards of either can be obtained from the standardizing laboratories 
and used in checking up the secondary instruments. It is not very difficult to actually check up a resist- 
ance thermometer at any one of the standard points in the region —40° C to +450° C. It is a little more 
difficult to check the thermocouple in the region 450° C to 1100° C. Most of the standard fixed points in 
this region are given by melting points of metals that must be melted so as to avoid oxidation. This re- 
quires a neutral atmosphere, or that the sample be covered with some flux that will protect it. 

Both the gold and the palladium, used to calibrate the scale above 1300° K, can be successfully melted in 
a platinum wound black-body furnace. The whole operation can be carried out in the open air, requiring 
neither a vacuum nor neutral atmosphere within the furnace. But because of the trouble necessitated by a 
black-body comparison, much time can be saved if a tungsten lamp with filament of suitable size is stand- 
ardized so as to have the same brightness for a particular part of the filament, when observed with the 
optical pyrometer, as the standard black-body furnace for one or more definite temperatures. With such 
lamps properly calibrated, any one may maintain his own temperature scale for years, if the calibration 
does not extend higher than that of the palladium point and the standard lamp is not accidentally heated to 
a higher temperature. 

(See 1919 Report of Standards Committee on Pyrometry, Forsythe, J. Opt. Soc. of America, 4, p. 205, 
1920; The Measurement of High Temperatures, Burgess, Le Chatelier, 1912, The Disappearing Filament - 
Type of Optical Pyrometer, Forsythe, Tr. Faraday Soc., 1919.) 
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The following additional adsorptio~ tables (see page 407, Table 525) may be of use in the “‘cleaning-up 
of vacua.” See Dushman, General Electric Review, 24, 58, 1921, Methods for the Production and Meas- 
urement of High Vacua. 


TABLE 581. — Adsorption of H and He by Cocoanut Charcoal at the temperature of liquid air. 


For the preparation of activated charcoal see Dushman, I. c. 5 g of charcoal at the temperature of liquid 
air will clean up the residual gases in a volume of 3000 cm? from an initial pressure of 1 bar (bar = 1 dyne/cm?) 
to less than 0.0005 bars at the temperature of liquid air. 5 grams cleaned up 3000 cm of H from an initial 
pressure at room temperature of 0.01 bar to a final pressure at liquid air temperature of less than 0.0004 bar. 
The ciean-up is rapid at first but then slower taking about an hour to reach equilibrium. The figures 
of the following table are from Firth, Z. Phys. Ch. 74, 129, 1910; 86, 294, 1913. pisinmm of Hg; v = vol- 
ume adsorbed per g of charcoal reduced to 0° C and 76 cm Hg. 


Hydrogen Helium 


TABLE 582. — Adsorption by Ch rcoal at Low Pressures and temperatures. 


Extrapolated by Dushman from Claude, see 1. c., and C.R. 158, 861, r1914. Amounts occluded in terms 
of volume measured at 1 bar, 0° C. e.g. ata pressure of 0.01 bar, 1 g charcoal would clean up 130 cm? hydro- 
gen or 18,000 cm? nitrogen from a pressure of 1 bar down to 0.01 bar. 


Fe 77, 6C nk N, T = 90.60 K 


p=8. Vv = 106,000. Dp == 53 V = 9,500,600. 

I He 1,800,000 
0.1 0.0 180,000 
0.01 0.01 18,000 
0.001 0.001 1,800 


TABLE 583. — Adsorption of Hydrogen by Palladium Black. 


Palladium, heated, allows hydrogen to pass through it freely; the gas is first adsorbed and then diffuses 
through. For the preparation of palladium black, see reference at top of page for Dushman. The following 
data are from Valentiner, Verh. Deutsch. Phys. Ges., 3, 1003, 1911. Different samples vary greatly. P gives 
the pressure in mm of Hg, and V the volume at standard pressure and temperature per g of palladium black. 


110 
0.52 
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TABLE 584. 
MISCELLANEOUS SOUND DATA. 
TABLE 584. — Audibility as dependent on Sound Pressure and Frequency. 


The auditory sense detects sounds varying over a range of pressure from about 0.001 to 1000 
dynes/cm?; over much of this range it differentiates with accuracy between complex sounds 
so nearly alike that no existing physical device can distinguish them. Plot shows minimum 
audibility pressures from 72 normal ears from 60 to 4000 cycles (both scales logarithmic); 
standard deviation indicated by dotted curves. The maximum audibility curve was obtained 
from 48 normal ears. A louder sound becomes painful. The intensity of pressure necessary 
for the latter is about equal to that required to excite the tactile nerves in the finger tips. 
(Wegel, Pr. Nat. Acad. Sc., 8, p. 155, 1922.) 
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TABLE 322 (concluded from page 215). 
SPECTRUM SERIES. 
The following table gives the series types due to the neutral (arc) and ionized (spark) elements 


of the various groups. The question marks indicate merely that the series relations have not 
been disentangled trom the maze of spectrum lines. 


Series VIII, O I Il Til IV 
Arc complex doub- trip- doub- trip- 
and let let let let? 
triplet 
Spark ? complex doub- trip- doub- 
and let let let? 
triplet? 


To a first approximation the equations leading to the numerical values of the various lines of a 
series may be expressed in the following form: 

v =N/ (1-+S) 2—N/(m+P) 2, for instance, for the principal series. In abbreviated notation 
these series take the following forms (F owler). m generally takes for its lowest value, the first 
value which makes the expression positive. The abbreviated notation expresses the laws above 
stated. 

Principal series = (1,S)—(m,P) 

tst subordinate (diffuse) = (1,P)—(m,D) (Singlet, doublet and triplet series are distinguished 

and a (sharp) = (1,P)—(m, eh by capital, Greek and small letters.) 

Fundamental (Bergmann ) = (x, D)—(m,F 


Paschen notation is frequently used especially by writers on ionization and radiating potentials; 
the following table indicates in part the differences for corresponding formulae: 


Revised Paschen Fowler 

Principal series of doublets of alkalis uss, N= 2 8 | Rem G, wR, 2 

1st subordinate (diffuse) series of doublets 2p—md, 3,4 | i r—m 6, B) 
of alkalis 

2nd subordinate (sharp) series of doublets 2p—mas, oe || at Gein), G7, 2 
of alkalis 

Bergmann (fundamental) series of doub- 3d—mb, 4,5 | 26—m 4, B, dl 
lets of alkalis 

Principal series of triplets of alkali earths Is—mp, 3, 4 | 1s —mp, by, 

ist subordinate series of triplets of alkali 2p—md, 3, 4 | Ip —md, De B 
earths 

2nd subordinate series of triplets of alkali 2p—ms, I, 2 | Ip—ms, i, 2 
earths 

Princinal series of singlets of alkali earths iS—mP, 2,3 | 1S —mP, m2 

Combination series of singlets of alkali IS—mpz, 2, 3 | 18 —mpz», Tee? 
earths 

Principal series of doublets of ionized al- | 16—m§, 2,3 | 1o—mr7, bee 
kali earths 

1st subordinate series of doublets of ion- | 2%—m9, 3, 4 | 1 r—m 56, 2, 3 
ized alkali earths 

and subordinate series of doublets of ion- | 2%—mG, 2,3 | Il 7—mo, Ga ey 

ized alkali earths 


Other minor differences exist; Paschen values fit the Ritz formula whereas Fowler uses the 
Hicks formula. The variable terms of the two series may take the following forms respectively: 
N/{m+a+acN/m?}? and N/{m-+a’a’/m}?. 

For further information see Foote and Mohler’s Origin of Spectra, 1922 (From which con- 
siderable of the above is taken) and Fowler’s Report of Series in Line Spectra, 1922. 


SMITHSONIAN TABLES, 


4 42 APPENDIX. 


TABLE 518 (concluded from p. 403). 
IONIZING AND RESONANCE POTENTIALS OF THE ELEMENTS. 


Resonance voits. Tonization volts, 
Atomic q 
Number Line. v aT tne. » 
Element. 
f Comp. Obs. 


61,672 


.613 Hes 
49,305 
75,767 
45,926 
72,539 


42,029 


84,178 . 10.392 10.2 


A-Se0ee! | 5-556 


Atomic yi 
Number | Resonance volts. Ionization volts. 
Element. 


Tonization at 17.75, 25-4, 30-7, Brandt} 


See Hughes for other data 
12. 7 observed by Udden 


25.6 25.4, Franck and Knipping, later 25.3; 25.5, 
Compton 

16.7 20.0 22.8 

Go i 

14.4 16.9 Horton and Davies 

13.3 16.0 Mohler and Foote, revised 


For further information and data see The Origin of Spectra, Foote and Mohler, 1922; Hughes, 
Bull. Nat. Research Council, 2, 127-169, 1921; Report on Series in Line Spectra, Fowler, 1922. 
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TABLE 585. nin 
LIST OF STARS KNOWN TO BE WITHIN FIVE PARSECS. 


The number of stars (doubles counted as singles) per cubic parsec in the neighborhood of the 
Sun has been estimated as .0451 (Kapteyn and Van Rhijn, Astr. J., 52, 32, 1920). This gives 
an expectation of 24 within 5 parsecs and 12 nearer than 4. The numbers actually known are 
20 and 16. The agreement is good but it seems improbable that we should already know practi- 
cally all within 4 or 5 parsecs. (Hertzsprung, Com. Observatory at Leiden, no. 5, 1922.) 
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Degrees Brix, Specific Gravity, and Degrees Baumé of Sugar Solutions. 
Degrees Brix = Per cent Sucrose by Weight. x 
Specific Gravities and Degrees Baumé corresponding to the Degrees Brix are for 22 Cc. 


145 


The relation between the specific gravity and Degrees Baumé is given by Degrees Baumé = 145 — ————">—. 
specific gravity 


a pees 

egrees rix or - 

Baneie per cent sane ee 
if a sucrose 20°/20°C (modu- 


Degrees . Dacre 

Brix or . egrees Trix or . 

per cent Spentes Baumé per cent Shere 

sucrose 2 0°/2 yo (modu- sucrose Bue /2 eye 
by lus 145) 2y 

weight weight 


4o. 
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44. 
45 
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47. 
48. 
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HHHHHHHHHH 
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0000000000 


HH ARR HR RR He He 


0000000000 
0000000000 
Le eB eB 


The above table is abridged from Bureau of Standards Technologic Paper No. 115. The original table is given in 
steps of o.1 Degrees Brix. 


SUPPLEMENTARY TO TABLE SSO, PAGE 310. 


The values on page 310 given for the rotation of sucrose are from antiquated data and are incorrect by several 
whole degrees. Values obtained at the Bureau of Standards, but as yet published only in part, are given below. 


Light Rot. A [a] Light 
Source Rot. A = 5461 AN Source 


li 6708 : 50.45 Cd 4678 
Cd 6438 . 55-70 Hg 4358 
Na 5802. ; 66.520 Ag 4208 
Hg 5780 . 69.36 Hg 4047 
Hg 5461 ; 78.342 
Ag 5209 : 86.80 
Cd 5086 ; QI. 43 
Cd 4800 : 103.65 


The above values are for a near normal solution, i.e. approximately 26 g of sucrose per Too cc. 
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SUPPLEMENTARY TO TABLE 532, PAGE 410. 
ISOTOPES. 
(See J. Am. Ch. Soc. 45, p. 869, 1923.) 


Atomic Atomic 


ee 
Minimum |; % Accu- 
number weight 


number of Masses of Isotopes 
Isotopes 


Element Observer 


racy 


u 


I2 
14 
16 
19 
20; 22 
23 
24; 25; 26 
27 
28; 29; (30) 


CAN RWHD H 


—7~— 


64; 66; 68; 70 


75 
80; 78; 76; 82; 77; 74 


79; OL 
84; 86; 82; 83; 80; 78 
85; 87 
I20; 118; 116; 124 
TOS TNs waQe (Am) 
127 
120; 132; 131; 134; 136; 
128; 130; (126); (124) 
133 
(197-200); 202; 204 


Bieler eg ag a cl ee ee 


Observers: A = Aston, D = Dempster, T = Thompson (G. P.) 


The masses are given in the order of the intensity of the mass spectrum bands. Table published 
by the International Committee on Chemical elements. The Phil. Mag. 45, 1923, gives also Sb, 
2 isotopes, 121, 123. 
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PREFACE 


The theoretical work herein presented was developed while the 
writer was at Princeton University in 1912-13, the basis of the calcu- 
lations being the assumption that, if nitrocellulose smokeless powder 
were employed as propellant in a rocket, under such conditions as 
are here explained, an efficiency of 50 per cent might be expected. 

Actual experimental investigations were not undertaken until 
1915-16, at which time the tests concerning ordinary rockets, steel 
chambers and nozzles, and trials 1m vacuo, were performed at Clark 
University. The original calculations were then repeated, using the 
data from these experiments, and both the theoretical and experi- 
mental results were submitted, in manuscript, to the Smithsonian 
Institution, in December, 1916. This manuscript is here presented in 
the original form, save for the notes at the end which are now added. 

A grant of $5,000 from the Hodgkins Fund, Smithsonian Institu- 
tion, under which work is being done at present, was advanced toward 
the development of a reloading, or multiple-charge rocket, herein 
explained in principle, and this work was begun at the Worcester 
Polytechnic Institute in 1917, and was later undertaken as a war 
proposition. It was continued, from June, 1918, up to very nearly 
the time of signing of the armistice, at the Mt. Wilson Observatory 
of the Carnegie Institution of Washington, where most of the experi- 
mental results were obtained. 

In connection with the present publication, I take pleasure in 
thanking Dr. A. G. Webster for the facilities of the shop and labora- 
tory at Clark University, used in the preliminary experiments herein 
described. I also take this opportunity of expressing my gratitude to 
the Smithsonian Institution, for its support and encouragement in 
the later work. 

Rosert H. Gopparp. 
CLARK COLLEGE, 


WorcEsTER, MASSACHUSETTS, 
May 26, IQI109. 


AME nei OR REACHING EXTREME ALTITUDES 
By ROBERT H. GODDARD 


(WirH 10 PLaTeEs) 


OUTLINE 


A search for methods of raising recording apparatus beyond the 
range for sounding balloons (about 20 miles) led the writer to 
develop a theory of rocket action, in general (pp. 6 to 11), taking 
into account air resistance and gravity. The problem was to deter- 
mine the minimum initial mass of an ideal rocket necessary, in order 
that on continuous loss of mass, a final mass of one pound would 
remain, at any desired altitude. 

An approximate method was found necessary, in solving this prob- 
lem (pp. 10 to II), in order to avoid an unsolved problem in the 
Calculus of Variations. The solution that was obtained revealed 
the fact that surprisingly small initial masses would be necessary 
(table VII, p. 46) provided the gases were ejected from the rocket at 
a high velocity, and also provided that most of the rocket consisted of 
propellant material. The reason for this is, very briefly, that the 
velocity enters exponentially in the expression for the initial mass. 
Thus if the velocity of the ejected gases be increased five fold, for 
example, the initial mass necessary to reach a given height will be 
reduced to the fifth root of that required for the lesser velocity. (A 
simple calculation, p. 50, shows at once the effectiveness of a rocket 
apparatus of high efficiency. ) 

It was obviously desirable to perform certain experiments: First, 
with the object of finding just how inefficient an ordinary rocket is, 
and secondly, to determine to what extent the efficiency could be 
increased in a rocket of new design. The term “ efficiency ”’ here 
means the ratio of the kinetic energy of the expelled gases to the heat 
energy of the powder, the kinetic energy being calculated from the 
average velocity of ejection, which was obtained indirectly by obser- 
vations on the recoil of the rocket. 

It was found that not only does the powder in an ordinary rocket 
constitute but a small fraction of the total mass (4 or 4), but that, 
furthermore, the efficiency is only 2 per cent, the average velocity of 
ejection being about 1,000 ft./sec. (table I, p. 12). This was true 
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even in the case of the Coston ship rocket, which was found to have a 
range of a quarter of a mile. 

Experiments were next performed with the object of increasing 
the average velocity of ejection of the gases. Charges of dense 
smokeless powder were fired in strong steel chambers (fig. 2, p. 13), 
these chambers being provided with smooth tapered nozzles, the 
object of which was to obtain the work of expansion of the gases, 
much as is done in the De Laval steam turbine. The efficiencies and 
velocities obtained in this way were remarkably high (table II, p. 15), 
the highest efficiency, or rather “ duty,” being over 64 per cent, and 
the highest average velocity of ejection being slightly under 8,000 
ft./sec., which exceeds any velocity hitherto attained by matter in 
appreciable amounts. 

These velocities were proved to be real velocities, and not merely 
effects due to reaction against the air, by firing the same steel cham- 
bers im vacuo, and observing the recoil. The velocities obtained in 
this way were not much different from those obtained in air (table III, 
Pagoye 

It will be evident that a heavy steel chamber, such as was used in 
the above-mentioned experiments, could not compete with the ordi- 
nary rocket, even with the high velocities which were obtained. [f, 
however, successive charges were fired in the same chamber, much as 
in a rapid fire gun, most of the mass of the rocket could consist of 
propellant, and the superiority over the ordinary rocket could be 
increased enormously. Such reloading mechanisms, together with 
what is termed a “ primary and secondary ”’ rocket principle, are the 
subject of certain United States Letters Patent (p. 6). Inasmuch 
as these two features are self-evidently operative, it was not con- 
sidered necessary to perform experiments concerning them, in order 
to be certain of the practicability of the general method. 

Regarding the heights that could be reached by the above method ; 
an application of the theory to tases which the experiments show 
must be realizable in practice indicates that a mass of one pound 
could be elevated to altitudes of 35, 72, and 232 miles ; by employing 
initial masses of from 3.6 to 12.6, from 5.1 to 24.3, and from 9.8 to 
89.6 pounds, respectively (table VII, p. 46). If a device of the 
Coston ship rocket type were used instead, the initial masses would 
be of the order of magnitude of those above, raised to the 27th power. 
It should be understood that if the mass of the recording instru- 
ments alone were one pound, the entire final mass would be 3 or 4 
pounds. 


NO. 2 METHOD OF REACHING EXTREME ALTITUDES 3 


Regarding the possibility of recovering apparatus upon its return, 
calculations (pp. 51 and 53) show that the times of ascent and descent 
will be short, and that a small parachute should be sufficient to 
ensure safe landing. 

Calculations indicate, further (pp. 54 to 57), that with a rocket of 
high efficiency, consisting chiefly of propellant material, it should be 
possible to send small masses even to such great distances as to escape 
the earth’s attraction. 

In conclusion, it is believed that not only has a new and valuable 
method of reaching high altitudes been shown to be operative in 
theory, but that the experiments herein described settle all the points 
upon which there could be reasonable doubt. 

The following discussion is divided into three parts: 

ants a le heany. 

Part II. Experiments. 

Part III. Calculations, based upon the theory and the experi- 
mental results. ; 


IMPORTANCE OF THE SUBJECT 

The greatest altitude at which soundings of the atmosphere have 
been made by balloons, namely, about 20 miles, is but a small fraction 
of the height to which the atmosphere is supposed to extend. In 
fact, the most interesting, and in some ways the most important, part 
of the atmosphere lies in this unexplored region; a means of explor- 
ing which has, up to the present, not seriously been suggested. 

A few of the more important matters to be investigated in this 
region are the following: the density, chemical constitution, and 
temperature of the atmosphere, as well as the height to which it 
extends. Other problems are the nature of the aurora, and (with 
apparatus held by gyroscopes in a fixed direction in space) the nature 
of the a, 8, and y radioactive rays from matter in the sun as well as 
the ultra-violet spectrum of this body. 

Speculations have been made as to the nature of the upper atmos- 
phere—those by Wegener * being, perhaps, the most plausible. By 
estimating the temperature and percentage composition of the gases 
present in the atmosphere, Wegener calculates the partial pressures 
of the constituent gases, and concludes that there are four rather 
distinct regions or spheres of the atmosphere in which certain gases 
predominate: the troposphere, in which are the clouds; the strato- 
sphere, predominatingly nitrogen; the hydrogen sphere; and the 


*A. Wegener. Phys. Zeitschr. 12, pp. 170-178; 214-222, IQ1I. 
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geocoronium sphere. This highest sphere appears to consist essen- 
tially of ail element, “ geocoronium,” a gas undiscovered at the sur- 
face of the earth, having a spectrum which is the single aurora line, 
557uu, and being 0.4 as heavy as hydrogen. The existence of such a 
gas is in agreement with Nicholson’s theory of the atom, and its 
investigation would, of course, be a matter of considerable importance 
to astronomy and physics as well as to meteorology. It is of interest. 
to note that the greatest altitude attained by sounding balloons 
extends but one-third through the second region, or stratosphere. 

No instruments for obtaining data at these high altitudes are herein 
discussed, but it will be at once evident that their construction is a 
problem of small difficulty compared with the attainment of the 
desired altitudes. 
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A METHOD OF REACHING EXTREME ALTITUDES 
By ROBERT H. GODDARD 


PARA Th, Wil OR Ne 
METHOD TO BE EMPLOYED 


It is possible to obtain a suggestion as to the method that must be 
employed from the fundamental principles of mechanics, together 
with a consideration of the conditions of the problem. We are at 
once limited to an apparatus which reacts against matter, this matter 
being carried by the apparatus in question. For the entire system 
we must have: First, action in accordance with Newton’s Third Law 
of Motion; and, secondly, energy supplied from some source or 
sources must be used to give kinetic and potential energy to the 
apparatus that is being raised; kinetic energy to the matter which, 
by reaction, produces the desired motion of the apparatus ; and also 
sufficient energy to overcome air resistance. 

We are at once limited, since sub-atomic energy is not available, 
to a means of propulsion in which jets of gas are employed. This 
will be evident from the following consideration: First; the matter 
which, by its being ejected furnishes the necessary reaction, must 
be taken with the apparatus in reasonably small amounts. Secondly, 
energy must be taken with the apparatus in as large amounts as pos- 
sible. Now, inasmuch as the maximum amount of Grleney uscociated 
with the minimum amount of matter occurs with chemical energy, 
both the matter and the energy for reaction must be supplied by a 
substance which, on burning or exploding, liberates a large amount 
of energy, and permits the ejection of the products that are formed. 
An ideal substance is evidently smokeless powder, which furnishes a 
large amount of energy, but does not explode with such violence as 
to be uncontrollable. 

The apparatus must obviously be constructed on the principle of 
the rocket. An ordinary rocket, however, of reasonably small bulk, 
can rise to but a very limited altitude. This is due to the fact that the 
part of the rocket that furnishes the energy is but a rather small 
fraction of the total mass of the rocket; and also to the fact that 
only a part of this energy is converted into kinetic energy of the mass 
which is expelled. It will be expected, then, that the ordinary rocket 
is an inefficient heat engine. Experiments will be described below 
which show that this is true to a surprising degree. 
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By the application of several new principles, an efficiency manyfold 
greater than that of the ordinary rocket is possible; experimental 
demonstrations of which will also be described below. Inasmuch as 
these principles are of some value for military purposes, the writer 
has protected himself, as well as aerological science in America, by 
certain United States Letters Patent; of which the following have 
already been issued: 

1,102,653 
1,103,503 
1,191,299 
1,194,496. 

The principles concerning efficiency are essentially three in num- 
ber. The first concerns thermodynamic efficiency, and is the use of 
a smooth nozzle, of proper length and taper, through which the 
gaseous products of combustion are discharged. By this means the 
work of expansion of the gases is obtained as kinetic energy, and also 
complete combustion is ensured. 

The second principle is embodied in a reloading device, whereby a 
large mass of explosive material is used, a little at a time, in a small, 
strong, combustion chamber. This enables high chamber pressures 
to be employed, impossible in an ordinary paper rocket, and also 
permits most of the mass of the rocket to consist of propellant 
material. 

The third principle consists in the employment of a primary and 
secondary rocket apparatus, the secondary (a copy in minature of 
the primary) being fired when the primary has reached the upper 
limit of its flight. This is most clearly shown, in principle, in United 
States Patent No. 1, 102,653. 

By this means the large ratio of propellant material to total mass 
is kept sensibly the same during the entire flight. This last principle 
is obviously serviceable only when the most extreme altitudes are to 
be reached. In order to avoid damage when the discarded casings 
reach the ground, each should be fitted with a parachute device, as 
explained in United States Patent No. 1,191,299. 

Experiments will be described below which show that, by applica- 
tion of the above principles, it is possible to convert the rocket from 
a very inefficient heat engine into the most efficient heat engine that 
ever has been devised. 


STATEMENT OF THE PROBLEM 


Before describing the experiments that have been performed, it 
will be well to deduce the theory of rocket action in general, in order 
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to show the tremendous importance of efficiency in the attainment of 
very high altitudes. A statement of the problem will therefore be 
made, which will lead to the differential equation of the motion. An 
approximate solution of this equation will be made for the initial 
mass required to raise a mass of one pound to any desired altitude, 
when said initial mass is a minimum. ‘ 
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A particular form of ideal rocket is chosen for the discussion as 
being very amenable to theoretical treatment, and at the same time 
embodying all of the essential points of the practical apparatus. 
Referring to figure I, a mass H, weighing one pound is to be raised 
as high as possible in a vertical direction* by a rocket formed of a 
cone, P, of propellant material, surrounded by a casing K. The 


‘See note 10 at end of paper. 


8 SMITHSONIAN MISCELLANEOUS COLLECTIONS VOLE. 


material P is expelled downward with a constant velocity, c. It is 
further supposed that the casing, K, drops away continuously as the 
propellant material P burns, so that the base of the rocket always 
remains plane. It will be seen that this approximates to the case of 
a rocket in which the casing and firing chamber of a primary rocket 
are discarded after the magazine has been exhausted of cartridges, 
as well as to the case in which cartridge shells are ejected as fast as 
the cartridges are fired. 

Let us call 

M =the initial mass of the rocket, 
m=the mass that has been ejected up to the time, t, 
v=the velocity of the rocket, at time t, 
c=the velocity of ejection of the mass expelled, 
R=the force, in absolute units, due to air resistance, 
g=the acceleration of gravity, 
dm=the mass expelled during the time dt, 
k=the constant fraction of the mass dm that consists of casing 
K, expelled with zero velocity relative to the remainder of 
the rocket, and 
dv=the increment of velocity given the remaining mass of the 
rocket. 

The differential equation for this ideal rocket will be the analytical 
statement of Newton’s Third Law, obtained by equating the momen- 
tum at a time t to that at the time t+ dt, plus the impulse of the forces 
of air resistance and gravity, 

(M—m)v=dm(i—k) (v—c) +vkdm 
+(M—m-—dm)(v+dv) +[R+¢(M—m) ]dt. 
If we neglect terms of the second order, this equation reduces to 
c(1—k)dm= (M—m)dv+[R+g(M—m) ]dt. (1) 

A check upon the correctness of this equation may be had from 
the analytical expression for the Conservation of Energy, obtained by 
equating the heat energy evolved by the burning of the mass of 
propellant, dm(1—k), to the additional kinetic energy of the system 
produced by this mass plus the work done against gravity and air 
resistance during the time dt. The equation thus derived is found to 
be identical with equation (1). 


REDUCTION OF EQUATION TO THE SIMPLEST FORM 
In the most general case, it will be found that R and g are most 
simply expressed when in terms of v and s. In particular, the 
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quantity R, the air resistance of the rocket at time t, depends not only 
upon the density of the air and the velocity of the rocket, but also 
upon the cross section, S, at the time t. The cross section, S, should 
obviously be as small as possible; and this condition will be satisfied 
at all times, provided it is the following function of the mass of the 
rocket (M—m), 

S=A(M-—m): @) 
where A is a constant of proportionality. This condition is evidently 
satisfied by the ideal rocket, figure 1. Equation (2) expresses the 
fact that the shape of the rocket apparatus is at all times similar to 
the shape at the start; or, expressed differently, S must vary as the 
square of the linear dimensions, whereas the mass (M—m) varies as 
the cube. Provision that this condition may approximately be ful- 
filled is contained in the principle of primary and secondary rockets. 

The resistance, R, may be taken as independent of the length of 
the rocket by neglecting “skin friction.” For velocities exceeding 
that of sound this is entirely permissible, provided the cross section 
is greatest at the head of the apparatus, as shown in United States 
Patent No. 1,102,653. 

The quantities R, g, and v, are evidently expressible most simply 
in terms of the altitude s, provided the cross-section S is also so 
expressed, giving, in place of equation (1) 


c(1—k)dm= (M—m)dv+ 7.5 [R(s) +g(s) (M—m) |ds. (3) 


RIGOROUS SOLUTION FOR MINIMUM M AT PRESENT 
IMPOSSIBLE 

The success of the method depends entirely upon the possibility of 
using an initial mass, M, of explosive material that is not imprac- 
ticably large. It amounts to the same thing, of course, if we say that 
the mass ejected up to the time t (1. e., m) must be a minimum, con- 
ditions for the existence of a minimum being involved in the integra- 
tion of the equation of motion. 

That a minimum mass, m, exists when a required mass is to be 
given an assigned upward velocity at a given altitude is evident 
intuitively from the following consideration: If, at any intermediate 
altitude, the velocity of ascent be very great, the air resistance R 
(depending upon the square of the velocity) will also be great. On 
the other hand, if the velocity of ascent be very small, force will be 
required to overcome gravity for a long period of time. In both 
cases the mass necessary to be expelled will be excessively large. 
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Evidently, then, the velocity of ascent must have some special value 
at each-point of the ascent. In other words it is necessary to deter- 
mine an unknown function f(s), defined by 

v={(s), 
such that m is a minimum. 
df(s) 
ds 
tion (3), and to obtain m by integration. But in order that m shall 
be a minimum, 6m must be put equal to zero, and the function f(s) 
determined. The procedure necessary for this determination pre- 
sents a new and unsolved problem in the Calculus of Variations. 


ds in place of v and dy, in equa- 


It is possible to put f(s) and 


SOLUTION OF THE MINIMUM PROBLEM BY AN APPROXIMATE 
METHOD 

In order to obtain a solution that will be sufficiently exact to show 
the possibilities of the method, and will at the same time avoid the 
difficulties involved in the employment of the rigorous method just 
described, use may be made of the fact that if we divide the altitude 
into a large number of parts, let us say, n, we may consider the 
quantities R, g, and.also the acceleration, to be constant over each 
interval. 

If we denote by a the constant acceleration defined by v=at in any 
interval, we shall have, in place of the equation of motion (3), a 
linear equation of the first order in m and t, as follows: 

dm _ (M—m)(at+g)+R 

dt c(1—k) 
the solution of which, on multiplying and dividing the right number 
by (a+g), is 
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where C is an arbitrary constant. 

This constant is at once determined as —1 from the fact that m 
must equal zero when t=o. 

We then have 

ee one 
rae (age Nal ie neue Gaal |. | 
(M+ice (5) 

This equation applies, of course, to each interval, R, g, and a, 

being considered constant. We may make a further simplification 11, 
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for each interval, we determine what imitial mass, M, would be re- 
quired when the final mass in the interval 1s one pound. ‘The initial 
mass at the beginning of the first interval, or what may be called the 
“ total initial mass,” required to propel the apparatus through the n 
intervals will then be the product of the n quantities obtained in this 
way. 

_ If we thus place the final mass (M—m), in any interval equal to 
unity, we have M=m-+1 and when this relation is used in equation 
(5), we have for the mass at the beginning of the interval in question 


R ats 4 cal t 
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Now the initial mass that would be required to give the one pound 
mass the same velocity at the end of the interval, if R and g had both 


been zero, is, from (6) 


ame 

M=ect-0, (7) 
The ratio of equation (6) to equation (7) is a measure of the 
additional mass that is required for overcoming the two resistances, 
R and g; and when this ratio is least, we know that M is a minimum 
for the interval in question. The “total initial mass’’ required to 
raise one pound to any desired altitude may thus be had as the product 

of the minimum M’s for each interval, obtained in this way. 
From equations (6) and (7) we see at once the importance of 
high efficiency, if the “total initial mass” is to be reduced to a 
yminimum. Consider the exponent of e. The quantities a, g and t 
depend upon the particular ascent that is to be made, whereas 
c(1—k) depends entirely upon the efficiency of the rocket, c being 
the velocity of expulsion of the gases, and k, the fraction of the 
entire mass that consists of loading and firing mechanism, and of 
magazine. In order to see the importance of making c(1—k) as 
large as possible, suppose that it were decreased tenfold. Then 


ate 2 ! 

€c(z—k)' would be raised to the roth power, in other words, the 
mass for each interval would be the original value multiplied by 
itself ten times. 
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PART II. EXPERIMENTS 
EFFICIENCY OF ORDINARY ROCKET 


The average velocity of ejection of the gases expelled from two 
sizes of ordinary rocket were determined by a ballistic pendulum. 
The smaller rockets, C, plate 1, figure 1, averaged 120 grams, with a 
powder charge of 23 grams; and the larger, S, the well-known Coston 
ship rocket, weighed 640 grams, with a powder charge of 130 grams. 
Plate 1, figure 2, shows the rockets as compared with a yard- 
stick: ays 

The ballistic pendulum, plate 2, figures 1 and 2, was a massive 
compound pendulum weighing 70.64 Kg. (155 lbs.) with a half 
period of 4.4 seconds ; large compared with the duration of discharge 
of the rockets. The efficiencies were obtained from the average 
velocity of ejection of the gases, found by the usual ballistic pendulum 
method, together with the heat value of the powder of the rockets, 
obtained by a bomb calorimeter for the writer by a Worcester chemist. 

The results of these experiments are given in the following table: 


TABLE | 
' Type of rocket | Efficiency | Mean efficiency ine Coen gee 
rR iy WTAE S ec | 
Conimionteyaeeeee | | 2.54% | | 
‘ 1.45 | 
Se SIs cok yh, weeny eB 1.49 
al Sha petcrr sana the oe 1.95 1.86% Q57..6 fte/See: 
Costoneship. 4. ees 1.75% | 
s : 227 
Raa PaaS cae ie 2.62 2.21% 1029.25 ft./sec. 


It will be seen from the above table that the efficiency of the 
ordinary rocket is close to 2 per cent”; slightly less for the smaller, 
and slightly more for the larger, rockets; and also that the average 
velocity of the ejected gases is of the order of 1,000 ft./sec. It was 
found by experiment that a Coston ship rocket, lightened to 510 
grams by the removal of the red fire, had a range of a quarter of a 
mile, the highest point of the trajectory being slightly under 490 feet. 
A range as large as this is rather remarkable in view of the surpris- 
ingly small efficiency of this rocket. 
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EXPERIMENTS IN AIR WITH SMALL STEEL CHAMBERS 


An apparatus was next constructed, with a view to increasing the 
efficiency, embodying three radical changes, namely, the use of 
smokeless powder, of much higher heat value than the black powder 
employed in ordinary rockets; the use of a strong steel chamber, to 
permit employment of high pressures; and the use of a tapered 
nozzle, similar to a steam turbine nozzle, to make available the work 
of expansion. 

Two sizes of chamber were used, one 4 inch diameter, and one 
1 inch diameter. The inside and outside diameters of the smaller 
chamber, figure 2 (a), were, respectively, 1.28 cm. and 3.63 cm. The 


5 cm. 


«YI 


as 


Y 


nozzle, polished until very smooth, was of 8 degrees taper, and was 
adapted to permit the use of two extensions of different lengths. The 
length of the chamber, as the distance | in the figure will be called, 
could be altered by putting in or removing cylindrical tempered steel 
plugs of various lengths, held in place by the breech block. Plate 2, 
figure 3, is a photograph of the chamber, with the nozzle of medium 
length in position. Plate 2, figure 4, shows the same, taken apart; 
and figure 5 shows the chamber with the medium nozzle replaced 
by the long nozzle. 

Two small chambers.were used, practically identical in all respects ; 
one of the soft tool steel, and one of best selected nickel steel gun 
barrel stock, treated to give 100,000 lbs. tensil strength, for which the 
writer wishes to express his indebtedness to’ the Winchester Repeat- 
ing Arms Company. 

The charge of powder, P, figure 2, was fired electrically, by a hot 
wire in the following way: A fine copper wire, w, 0.12 mm. diameter, 
passed through the wadding, figure 2 (b), consisting of two disks of 
stiff cardboard, and this copper wire joined a short length of platinum 
or platenoid wire of 0.1 mm. diameter, f, extending across the inner 


2 
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part of the wadding, in contact with the powder. To the other end 
of this platinum wire, a short length of the copper wire passed to the 
side of the wadding, and made electrical contact with the wall of the 
chamber. A fine steel wire, W, 0.24 mm. in diameter, served to pull 
the copper wire, w, tightly enough to prevent contact of the latter 
with the nozzle. The wire, W, was so held that, although it exerted 
a pull on the wire w, it nevertheless offered no resistance in the direc- 
tion of motion of the ejected gases. 

Two dense smokeless powders were used: Du Pont pistol powder 
No. 3, a very rapid dense nitrocellulose powder, and “ Infallible ” 
shotgun powder, of the Hercules Powder Company. The heat values 
in all cases were found by bomb calorimeter.’ All determinations 
were made in an atmosphere of carbon dioxide, in order to avoid 
any heat due to the oxygen of the air. The average heat values were 


the following: . 
Powder, in ordinary rocket.......... 545.0 calories/gm. 
Powder, in Coston ship rocket....... 528.3 
IDyey JEtoyaie Tesigoll ING@, Boecccoocdacsace 972.5 
Sint allables: dit secu teere error 1238.5 


The ballistic pendulum used in determining the average velocity of 
ejection, for the small chambers, consisted essentially of a plank, B, 
plate 3, figure 1, carrying weights, and supporting the chamber, 
or gun, C, in a horizontal position. This plank was supported by fine 
steel wires in such a manner that it remained horizontal during 
motion. In order to make certain that the plank actually was hori- 
zontal in all positions, a test was frequently made by mounting a 
small vertical mirror on the plank, with its plane perpendicular to the 
axis of the gun, and observing the image of a horizontal object—as 
a lead pencil—held several feet away while the pendulum was swing- 
ing. Current for firing the charge was lead through two drops of 
mercury to wires on the plank. A record of the displacements was 
made by a stilus consisting of a steel rod, S, pointed and hardened at 
the lower end. This rod slid freely in a vertical brass sleeve, attached 
to the under side of the plank, and made a mark upon a smoked glass 
strip, G. In this way the first backward and forward displacements 
of the pendulum were recorded, and the elimination of friction was 
thereby made possible. 

The data and results of these experiments are given in table II, 
in which d is the displacement corrected for friction. 


1Tt was found necessary to use a sample exceeding a certain mass, as other- 
wise the heat value depended upon the mass of the sample. 
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The velocities and efficiencies were obtained from the usual expres- 
sion for the velocity in which a ballistic pendulum, with the bob con- 
stantly horizontal, is used, namely, 


= = Veal ense 
where 
M =the total weight of the bob, 
m=the mass ejected ; powder plus wadding, 
1=the length of the pendulum, 


6=the angle through which the pendulum swings, 
g=the acceleration of gravity. 


The cosine of 6 was corrected for friction by observing the two first 
displacements d, and d, and obtaining therefrom 


Ae ie 
d=d, \ a 

It will be noticed that the highest velocity was obtained with 
“ Infallible ’ powder, and was over 7,000 ft./sec. The corresponding 
efficiency was close to 50 per cent. In view of the fact that this 
velocity, corresponding to c in the exponents of equations (6) and 
(7), is sevenfold greater than for an ordinary rocket, it is easily 
seen that the employment of a chamber and nozzle such as has just 
been described must make an enormous reduction in initial mass as 
compared with that necessary for an ordinary rocket. 

As a matter of possible interest, photographs were taken at night 
of the flash which accompanied the explosions produced by firing 
the small chamber. These are given on plates 4 and 5. 
Plate 3, figure 2, shows the set-up for these experiments ; the camera 
being in the same position as when the flashes were photographed. 
The white marks, above the flash, are strips of cardboard, nailed to 
a long stick at intervals of 10 cm. and constituting a comparison scale, 
one end of which was directly above the “ muzzle” of the gun. This 
scale was illuminated, before the charge was fired, by a small electric 
flash lamp held in front of each strip for a moment; which lamp also 
illuminated a card bearing the number of the experiment. 

The photographs bring out a curious fact; 7. e, that the “flash” 
appears in most instances to be at a considerable distance in front of 
the nozzle. This is easily understood if we admit that the velocity 
of the ejected gases is very high just as the gases pass out of the 
nozzle, but becomes very quickly reduced nearly to zero by the air. In 
other words we may consider that the gases pass from the nozzle in 
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an extremely short time—far too short to affect the photographic 
plate; and that it is only when the velocity has been considerably 
reduced that the “ flash ” is photographed. 

In experiment II, a suggestion of this high-velocity portion of the 
flash is seen, which, it will be noticed, is less in diameter than the end 
of the nozzle. It should be remarked that it was only by accident that 
the nozzle was illuminated by the flashes in experiments 9 and 11 im 
such a way as to be seen in the photograph. 

An interesting phenomenon connected with firing the chamber in: 
air is the loudness of the sound produced by a comparatively small. 
amount of powder. This is, however, to be expected, inasmuch as, 
the energy is entirely spent in producing motion of the air, whereas in: 
the ordinary rifle, a large fraction of the energy of the powder 
becomes kinetic energy of the bullet. 


dl 


EXPERIMENTS WITH LARGE CHAMBER 


Inasmuch as all the steel chambers employed in the preceding ex- 
periments were of the same internal diameter (1.26 cm.), it was con- 
sidered desirable that at least a few experiments should be performed 
with a larger chamber, first, in order to be certain that a large cham- 
ber is operative ; and secondly, to see 1f such a chamber is not even 
more efficient than a small chamber. This latter is to be expected 
for the reason that heat and frictional losses should increase as the 
square of the linear dimensions of the chamber; and hence increase 
in a less proportion than the mass of powder that can be used with 
safety, which will vary as the cube of the linear dimensions. Evidence 
in support of this expectation has already been given. Thus, for 
ordinary rockets, the larger rocket has the higher efficiency, as evident 
from table I. 

The large chamber was of nickel-alloy steel (Samson No. 3A), of 
-I115,000 lbs. tensil strength, for which the writer takes opportunity 
of thanking the Carpenter Steel Company. This chamber had inside 
diameter, and diameter of throat, both twice as large as those of the 
chambers previously used; but the thickness of wall of the chamber 
and the taper of the nozzle were, however, the same. The inside of 
the nozzle was well polished. Figure 3 shows a section of the 
chamber ; the outer boundary being indicated by dotted lines, P being 
the powder, and W the wadding. It will be noticed that the wadding 
is just twice the size of that previously used. 

The mounting of the chamber, for the experiments, is shown in 
plate 6, figure 1. The chamber was held in the lower end of a 
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34 foot length of 2-inch pipe, P, by set-screws. Within this pipe, 
above the chamber, was fastened a length of 2-inch steel shafting, to 
increase the mass of the movable system. This system was supported 
by a half-inch steel pin, E. 

On firing, the recoil lifted the above system vertically upward 
against gravity, the extent of this lift, or displacement, being re- 
corded by a thin lead pencil, slidable in a brass sleeve set in the pipe 
at right angles to the pin E. The point of the pencil was pressed 
against a vertical cardboard, C, by the action of a small spring. This 
method of measuring the impulse of the expelled gases will be called 
the “ direct-lift ”’ method; and the theory is given in Appendix A, 
page 60. 
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Although rebound of the gases from the ground would probably 
have been negligible, such rebound was eliminated by a short plank, 
D, covered with a piece of heavy sheet iron, and supported at an angle 
of 45° with the horizontal. This served to deflect the gases to 
one side. . 

The results of two experiments, 51 and 52, with this large chamber, 
are given in table II]. In experiment 51, with Du Pont powder, the 
powder was packed rather loosely. Any increase in internal diameter 
was inappreciable, certainly under 0.01 mm. In experiment 52, 
the Infallible powder was somewhat compressed. After firing, the 
chamber was found to be slightly bulged for a short distance around 
the middle of the powder chamber, the inside diameter being in- 
creased from 2.6 cm. to 2.7 cm., and the outside diameter from 
5.08 cm. to 5.14 cm. The efficiency (64.53 per cent) in experiment 
51, and the velocity (7,987 ft./sec.) in experiment 52 were, respec- 
tively, the highest obtained in any of the experiments. 

The conclusions to be drawn from these two experiments are: 
First, that large chambers can be operated, under proper conditions, 
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without involving undue pressures ; and secondly, that large cham- 
bers, even with comparatively short nozzles, are more efficient and 
give higher velocities than small chambers. 

It is obvious that large grains of powder should be used in large 
chambers if dangerous pressures are to be avoided. The bulging in 
experiment 52 is to be explained by the grains of powder being too 
small for a chamber of the size under consideration. It is possible, 
however, that pressures even as great as that developed in experiment 
52 could be employed in practice provided the chamber were of 
“built-up ” construction. A similar result might possibly be had 
if several shots had been fired, of successively increasing amounts of 
powder. The result of this would have been a hardening of the wall 
of the chamber by stretching. Such a phenomenon was observed 
with the soft steel chamber already described, which was distended 
by the first few shots of Infallible powder, but thereafter remained 
unchanged with loads as great as those first used.” 


EXPERIMENTS IN VACUO 
INTRODUCTORY 


Having obtained average velocities of ejection up to nearly 8,000 
ft./sec. in air, it remained to determine to what extent these repre- 
sented reaction against the air in the nozzle, or immediately beyond. 
Although it might be supposed that the reaction due to the air is 
small, from the fact that the air in the nozzle and immediately beyond 
is of small mass, it is by no means self-evident that the reaction is 
zero. For example, when dynamite, lying on an iron plate, is ex- 
ploded, the particles which constituted the dynamite are moved very 
rapidly upward, and the reaction to this motion bends the iron plate 
downward; but reaction of the said particles against the air as they 
move upward may also play an important role in bending the iron. 
The experiments now to be described were undertaken with the view 
of finding to what extent, if any, the “ velocity in air” was a fictitious 
velocity. The experiments were performed with the smaller soft 
tool steel and nickel-steel chambers that have already been described. 


METHOD OF SUPPORTING THE CHAMBER IN VACUO 


For the sake of convenience, the chamber, or gun, should evidently 
be mounted in a vertical position, so that the expelled gases are shot 
downward, and the chamber is moved upward by the reaction, either 
being lifted bodily, or suspended by a spring and set in vibration. 
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The whole suspended system was therefore designed to be con- 
tained in a 3-inch steel pipe, all the essential parts being fastened to 
a cap, fitting on the top of this pipe. This was done not only for 
the sake of convenience in handling the heavy chamber, but also from 
the fact that the only joint that would have to be made air-tight for 
each shot would be at the 3-inch cap. 

The means of supporting the chamber from the cap is shown in 
plate 6, figure 2, and plate 7, figure 1, the apparatus being shown 
dismantled in plate 7, figure 2. Two $-inch steel rods, R, R, were 
threaded tightly by taper (pipe) threads into the cap, C. These rods 
were joined by a yoke, at their lower ends, which served to keep them 
always parallel. Two collars, or holders, H and H’, free to slide 
along the rods R, R, held the chamber or gun, by three screws in 
each holder. The inner ends of the screws of the lower holder were 
made conical, and these fitted into conical depressions, c, figure 2(a), 
drilled in the side of the gun, so that the lower holder could thus be 
rigidly attached to the gun. This was made necessary in order that 
lead sleeves, fitting the gun and resting upon the lower holder H’, 
could be used to increase the mass of the suspended system. Three 
such sleeves were used, the two largest being moulded around thin 
steel tubes which closely fitted the gun. The rods R, R, were lubri- 
cated with vaseline. Two 4-inch steel pins were driven through the 
rods R, R, just above the yoke Y, in order that the latter could not 
be driven off by the fall of the heavy chamber and weights when 
direct-lift was employed. 

In the experiments in which the chamber and lead sleeves were 
suspended by a spring, the latter was hooked at its upper end to a 
screw-eye fixed in the cap C. The lower end of the spring was 
hooked through a small cylinder of fiber. A record of the displace- 
ments of the suspended system was made by a stilus, S, plate 6, 
figure 2, in the upper holder H. This stilus was kept pressed 
against a long narrow strip of smoked glass, G, by a spring of fine 
steel wire. This strip of smoked glass was held between two clamps, 
fastened to a rod, the upper end of which was secured to the cap C, 
and the lower end to the yoke, Y. Except for the largest charges 
used, it was possible to measure the displacements on both sides of 
the zero position, and thereby to calculate the decrement and eliminate 
friction. 

When the chamber was suspended by a spring, a deflection as large 
as a centimeter was unavoidably produced merely by placing the 
cap C on the 3-inch pipe or removing it, although, in all cases the 
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system would return to within one millimeter (usually much less 
than this) of the zero position after being displaced. In order to 
avoid any such displacement as that just mentioned, an eccentric 
clamp K, plate 7, figure I, was employed to keep the suspended 
system rigidly in its zero position during assembling and dismount- 
ing the apparatus. 

This clamp consisted of an eccentric rod, K, free to turn in a hole 
in the cap C, the lower end being held in a bearing in the yoke Y. 
Through the upper end of this rod was pinned a small rod W’, at 
right angles to K. The surface of the rod K was smeared with a 
mixture of bee’s wax, resin, and Venice turpentine; and the hole in 
the cap through which K projected was rendered air-tight by wax of 
the same composition. 

The suspended system was assembled while the cap C was held by 
a support touching its under side. When the assembling was com- 
plete, the wax was heated by a small alcohol blow torch until it was 
soft, then a rubber band was slipped around the rod K’ and the outlet 
pipe E. A trial showed that the cap could now be put in place on the 
pipe and removed, without the suspended system moving appreciably. 
After the cap C was in position on the pipe, the rubber band was 
removed, and the wax heated until the rod K could be turned out of 
engagement with the holders H, H’. After a shot had been fired, the 
clamp was again placed in operation until the system had been taken 
from the 3-inch pipe and the smoked glass removed. 

The circuit which carried the electric current to ignite the charge 
consisted of the insulated wire, W, plate 7, figure 1, which passed 
through a tapered plug of shellacked hard fiber, in the cap, C, thence 
through a glass tube to the yoke Y, to which it was fastened. Below 
the yoke it was wrapped with insulating tape, except at the lower end 
where it was shaped to hold the 0.24 mm. steel wire, attached to the 
fine copper wire from the wadding. From the chamber the current 
passed up the rods R, R and out of the cap, around which was 
wrapped a heavy bare copper wire, V, which together with W, con- 
stituted the terminals of the circuit. It should be mentioned, in 
passing, that a small amount of black powder, B, figure 2(a), placed 
over the platinum fuse-wire on the wadding, was found necessary as 
a primer in order to ignite dense smokeless powders in vacuo. 

In order to make the joint, between the cap and the pipe, air-tight 
during a determination, the following device was adopted. The out- 
side of the cap, C, and also a lock nut, were both turned down to the 
same diameter. The lock nut was made fast to the pipe. These were 
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then painted on the outside with melted wax consisting of equal parts 
bee’s wax and resin with a little Venice turpentine. 

When a determination was to be made, the cap was screwed into 
position, a wide rubber band was slipped over the junction between 
cap and lock nut, and the outside of this rubber band was heated 
with an alcohol blast torch. The result was a joint, for all practical 
purposes, absolutely air tight, which could, nevertheless, be dis- 
mounted at once after pulling off the rubber band. 


P THEORY OF THE EXPERIMENTS IN VACUO 


The expressions for the velocity of the expelled gases are easily 
obtained for the two types of motion of the suspended system that 
were employed, namely, simple harmonic motion produced by a 
spring, and direct lift. 

Simple harmonic motion.—Results obtained with simple harmonie 
motion (slightly damped, of course) were naturally more accurate 
than with direct lift, as it was impossible in the latter case to eliminate 
friction. The theory, for simple harmonic motion, in which account 
is taken of friction is described in Appendix B, page 60. The spring 
was one made to specifications, particularly as regards the magnitude 
of the force per-cm.-increase-in-length by the Morgan Spring Com- 
pany of Worcester, Mass. Care was taken to make certain that 
in no experiment was the extension of the spring reduced to such a 
low value as not’ to lie upon the rectilinear line part of the calibration 
curve, 

Direct lift—The theory of the motion, in this case, has already 
been given under Appendix A, page 60. In this case it might be 
assumed that a correction could be made for friction by multiplying 


: ; d ‘ ; 
the displacement s, by some particular decrement, | 1 obtained in 
: \é ” 


the experiments with simple harmonic motion, that might reasonably 
apply. This, as will be shown below, was found to give results in 
good agreement for the two types of motion, if the direct lift was 
about 2 cm.; but not if it was much larger. It was found that very 
little frictional resistance was experienced when the mass M was 
raised by hand, provided the axis of the gun were kept strictly 
vertical, but a very considerable resistance was experienced if the 
axis was inclined to one side so that the holders H, H’ rubbed 
against the rods R, R. This sidewise pressure did not take place 
when the spring was used. It was also found that the trace upon 
the smoked glass was always slightly sinuous, with direct lift, and 
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straight with the spring. The simple harmonic motion was, there- 
fore, much the more preferable, but could not be used when the 
powder charges were large. 


MEANS OF ELIMINATING GASEOUS REBOUND 


It should be remembered that the real object of the vacuum experi- 
ments is to ascertain what the reaction experienced by the chamber 
would be, if a given charge of powder were fired in the chamber 
many miles above the earth’s surface. A container is therefore neces- 
sary, which, for the purpose at hand, approaches most nearly a con- 
tainer of unlimited capacity. A length of 3-inch pipe, closed at the 
ends, is evidently unsuitable, because the gas, fired from one end, is 
sure to rebound from the other end with considerable velocity, and 
hence to produce a much larger displacement than ought really to be 
observed. Moreover, any tank of finite size must necessarily produce 
a finite amount of rebound, from the fact that the whole action is 
equivalent to liberating suddenly, in the tank, one or two liters of gas 
at atmospheric pressure. 

There are two possible methods Gor reducing the velocity of the 
gas sufficiently to produce a negligible rebound: a disintegration 
method, whereby the stream is broken up into many small streams, 
sent in all directions (7. e., virtually reconverted into heat) ; and 
secondly, a friction method, whereby the individual stream remains 
moving in one direction, but is gradually slowed down by Friction 
against a solid surface. 

As will be shown below, accurate results were obtained by the 
first method, in what may be called the “ cylindrical ” tank ; and these 
results were checked satisfactorily by the second method, in what 
will be called the “ circular ” tank. 

The cylindrical tank was 10 feet 5 inches high and weighed about 
500 Ibs. It consisted of a 6-foot length T, figure 4, and plate &, 
figure 1, of 12-inch steel pipe, with threaded caps on the ends. 
Entering the upper cap at a slight angle was the 3-inch pipe P, 
44 feet long which supported the cap C of plate 6, figure 2, and 
plate 7, figure 1. The 12-inch pipe was sawn across at the dotted 
line T,, so that any device could be placed in the interior of this tank, 
or removed from it, as desired. The upper section of the tank was 
lifted off as occasion demanded by a block and tackle. The two ends 
to be joined were first painted with the wax previously described ; and 
after the tank had beén assembled, the joint was painted on the out- 
side with the same wax, W, and the entire tank thereafter painted 
with asphalt varnish. 
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This tank was used under three conditions: 

1st. Tank empty, with the elbow E to direct the gas into a swirl 
such that the gas, while in motion, would not tend to return up the 
pipe P. In this case, some rebound was to be expected from this 
elbow. This expectation was realized in practice. 


2d. Tank empty, and elbow cut off along the dotted line E,. In 
this case, more rebound was to be expected than in Case 1, which was 
borne out in practice. 

3d. Elbow E cut at E,, and tank half filled with -inch square- 
mesh wire fencing. Two separate devices constructed of this wire 
fencing were used one above the other. The gas first passed through 
an Archimedes spiral, J, of 2-foot fencing, comprising eight turns. 
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held apart by iron wires bound into the fencing. This construction 
allowed most of the gas to penetrate the spiral to a considerable 
distance before being disturbed, and, of course, elimmated regular 
reflection. The second device, J’, placed under the first, consisted 
of a number of 12-inch circular disks of the same fencing, bound to 
two quarter-inch iron rods, Q, by iron wires. These disks were 
spaced one inch apart. The three upper disks were single disks, the 
next lower two were double, with the strands extending in different 
directions, the next two were triple, and the lowest disk of all, two 
inches from the bottom of the tank, was composed of six individual 
disks. This lower device necessarily offered large resistance to the 
passage of the gas; yet strong rebound from any part of it was pre- 
vented by the spiral just described. With this third arrangement, 
small rebound was to be expected, which also was borne out in 
practice. 

This tank was exhausted by way of a stopcock at its lower end, S; 
and air was also admitted through this same stopcock. 

The circular tank, plate 8, figure 2, was 10 feet high and weighed 
about 200 lbs. It consisted of a straight length of 3-inch pipe, care- 
fully fitted, and welded autogenously, to a four-foot, 3-inch, U-pipe. 
The straight pipe entered the U-pipe on the inner side of the latter, 
and at as sharp an angle as possible. Another similar U-pipe, was 
bolted to the first by flanges, with 74-inch sheet rubber packing 
between. 

In this tank, the gases were shot down the straight pipe, entered 
the upper U-pipe at a small angle, thus avoiding any considerable 
rebound, and thence passed around the circular part—not returning 
up the straight pipe until the. velocity had been greatly reduced by 
friction. 

In order to make the time, during which the velocity was being 
reduced, as long as possible, the pipes were carefully cleaned of 
scale. They were first pickled, and then cleaned by drawing through 
them, a number of times: first, a scraper of sheet iron; second, a stiff 
cylindrical bristle brush, and finally a cloth. All but the most firmly 
adhering scale was thereby removed. Further, care was taken to cut 
the hole in the rubber washers, between the flanges, so wide that 
compression by the flanges would not spread the rubber into the pipe, 
and thereby obstruct the flow of gas. 

Notwithstanding all these precautions, evidence was had that the 
gases became stopped very rapidly. This was to be expected inas- 
much as there is solid matter, namely, the wadding and wire, that is 
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ejected with the gas, which accumulates with each successive shot. 
This solid matter must offer considerable frictional resistance to 
motion along the U-pipe, and, since the mass of gas is only of the 
order of a gram, must necessarily act to stop the flow in a very short 
time. This interval of time was great enough, however, so that this 
second method afforded a satisfactory check upon the first method. 

A possible modification of the above two methods would have been 
to provide some sort of trap-door arrangement whereby the gases, 
after having been reduced in speed in a container as just described, 
would have been prevented from returning upward into the 3-inch 
pipe P by this trap, which would be sprung at the instant of firing. 
In this way gaseous rebound would be entirely eliminated. It was 
found, however, that results with the two methods already described 
could be checked sufficiently to make this modification unnecessary. 

The tanks were exhausted by a rotary oil pump, No. 1, of the 
American Rotary Pump.Company, supported by a water jet pump. 
In this way the pressure in the cylindrical tank could be reduced to 
I.5 mm. of mercury in 25 minutes and to the same pressure in the 
circular tank, in 10 minutes. The pressures employed in the experi- 
ments ranged from 7.5 mm. to 0.5 mm. 


METHODS OF DETECTING AND MEASURING GASEOUS REBOUND 


With the two tanks used in the experiments, it was obviously 
impossible to eliminate gaseous rebound entirely, from the fact that, 
even if the velocity of the gases is reduced to zero, there still remains 
the effect of intrqducing suddenly a certain quantity of gas into the 
maya, | die Pe aaa then, to devise some means of detecting, 
and, if possible, of measuring, the extent of the rebound. 

Three devices were employed, one for detecting a force of 
rebound, and two for measuring the magnitude of the wupulse per 
unit area produced by the rebounding gas. These latter devices, 
from the fact that quantitative measurements were possible with 
them, will be called “ impulse-meters.” 


TISSUE PAPER DETECTOR 


The detector for indicating the force of the rebound consisted of 
a strip of delicate tissue-paper, I, plate 6, figure 2, and text figure 
5 (a),0.02 mm. thick, with its ends glued to an iron wire, W, as 
shown in figure 5 (a). This iron wire was fastened to the yoke Y, 
plate 7, figure 1, and held the tissue paper, with its plane horizontal, 
between the chamber and the wall of the 3-inch pipe, P. In many of 
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the experiments, the paper was cut 4 the way across in two places be- 
fore bejng used, as shown by the dotted lines h in figure 5(a). Since 
the tissue paper has very little mass, the tearing depends simply upon 
the magnitude of the force that is momentarily applied, and not 
upon the force times its duration—1. ¢., the impulse of the force. The 


LLL LIA LEA LAL h | 


COLZLZL LAL LALLA 
' 


Fic. 5. 


tissue paper will tear, then, if the force produced by the first upward 
rush of gas, past the chamber into the space in the 3-inch pipe above 
the chamber, exceeds a certain value. This first upward rush of gas 
will, of course, produce a greater force than any subsequent rush, 
as the gas is continually losing velocity. Even though the magnitude 
of the force that will just tear the tissue paper be not known, it may 
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safely be assumed that if the first upward rush does not tear the 
paper, the force due to rebound that acts upon the gun must be small 
compared with the impulse produced by the explosion of the powder. 

It should be noted that the tissue paper tells nothing as to whether 
or not there are a number of successive reflections or rebounds grad- 
ually decreasing in magnitude; neither does it give information con- 
cerning the downward pressure the gases exert upon the chamber 
tending to decrease the displacement, after they have accumulated in 
the space between the top of the chamber and the cap, C, plate 6, 
figure 2. : 

DIRECT-LIFT IMPULSE-METER 


A section of the direct-lift impulse-meter is shown in figure 5(b). 
It is also shown in the photograph plate 6, figure 2, at A. A smail 
cylinder A of aluminium of 1.46 grams mass, hollowed at one end 
for lightness, was turned down to slide easily in a glass tube G. This 
tube, G, was fastened by de Khotinsky cement to an iron wire W, 
which was in turn fastened to the yoke Y, plate 7, figure 1, so that the 
glass tube, G, was held in a vertical position, between the chamber 
and the wall of the 3-inch pipe—similarly to the tissue paper. Two 
small wires C,C, of spring brass were cemented to the top of the 
aluminium cylinder, the free ends just touching on opposite sides of 
the glass tube. The inside of the glass tube was smoked with cam- 
phor smoke above the point marked X, so that a record was made of 
any upward displacement of the aluminium cylinder. The cylinder 
was prevented from dropping out of the glass tube by a fine steel 
wire, w, cemented to the tube and extending across the lower end. 

The theory of the direct-lift impulse-meter is given in Appendix C, 
page 61. From the theory, we may derive an expression for the 
ratio, O, of the momentum given the gun by the gaseous rebound, to 
the observed momentum of the suspended system. 

There are two disadvantages of this form of impulse-meter. First, 
friction acts unavoidably to reduce the displacement. Secondly, any 
jar to which the apparatus is subjected on firing will cause the 
aluminium cylinder to jump, and thus give a spurious displacement. 
This latter fact rendered the meter useless for experiments in which 
direct lift of the chamber took place, as there was always much jar 
when the heavy chamber fell back, after being displaced upward. 

This impulse-meter, it will be observed, gave a mean measurement 
of any successive up-and-down rushes of gas. 
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SPRING IMPULSE-METER 


A section of the spring impulse-meter is shown in figure 5(c). 
The apparatus consisted of an aluminium disk, D, cemented to a lead 
rod, L, of combined mass 5.295 gms. supported by a fine brass 
spiral spring, S. The disk, D, was of a size sufficient to slide easily 
in a glass tube, G. The upper end of the spring protruded through 
a small hole in the glass tube, and was fastened at this point by 
de Khotinsky cement, it thus being easy to make the top of the lead 
rod level with the zero of a paper scale, K, pasted to the outside ot 
the glass tube. A piece of white paper placed behind the tube, G, 
made the motion of the lead rod L very clearly discernible. 

This impulse-meter was placed in a hole in the upper cap of the 
12-inch pipe of the cylindrical tank, at D, figure 4, and plate 8, 
figure 1, the same distance from the wall of the 12-inch pipe as the 
center of the 3-inch pipe. It projected one inch through the 12-inch 
cap which was practically the same as the distance the 3-inch pipe 
projected. The tube, G, was kept in position in the cap by being 
wrapped tightly with insulating tape, the joint being finally painted 
with the wax already described. 

The theory of the spring impulse-meter is given in Appendix D, 
page 62, where Q is the ratio already defined in connection with the 
direct-lift impulse-meter. There are two reasons why the ratio, O, 
obtained in the Appendix should be larger than the true percentage 
at the top of the 3-inch pipe. In the first place, friction in the 3-inch 
pipe will decrease the velocity of the rebounding gas; and, further, 
the disk, D, figure 5, is fairly tight-fitting in the glass tube, G, 
whereas there is a considerable space between the gun and the 3-inch 
pipe, through which the gas may pass and, accumulating above, exert 
a downward pressure on the top of the gun. 

One important advantage of the spring impulse-meter over that 
employing direct lift is that the former has very little friction, so that 
the readings are very reliable. Another advantage is that the dis- 
placement of the former will include without any uncertainty the 
effect of any number of rebounds following one another in rapid 
succession—1. ¢., the effect of multiple reflections of the gas, if such 
reflections are present. 


EXPLANATION OF TABLE III 
In the vacuum experiments, the soft steel chamber was used for 
Du Pont powder, and the nickel steel chamber for Infallible powder. 
The three nozzles called short, medium, and long, were respectively, 
9.64, 15.88, and 22.08 cm. from the throat to the muzzle. 
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The length of chamber, 1, in the third column, is taken as the 
distance shown in figure 2 (a). 

In the cases of simple harmonic motion in which d, is not given 
in the table, the displacements were so large that d, was prevented 

.from reaching its full extent by the yoke, Y, plate 7, figure 1. 
Correction for friction was made in these cases by choosing the decre- 
ment from some other experiment that would be likely to apply. The 
number of this experiment is written in parenthesis, in the table, in 
place of d,. The same procedure is followed in the experiments with 
direct lift. 

Of the experiments in the cylindrical tank, 15 and 16 were per- 
formed with the elbow E, figure 17, at the lower end of the 3-inch 
pipe; no. 17 was performed with this elbow also in place, with the 
addition of a sheet-iron sleeve in the pipe, to decrease the curvature 
at the elbow; nos. 18 and 19 were performed with the tank empty; 
and the remaining experiments were performed with the fencing, 
already described, in position. 

The tissue paper was usually torn at one end, and not torn com- 
pletely off. It was only torn completely off, with small charges, in the 
experiments with the cylindrical tank empty (nos. 18 and 19). The 
tissue paper was cut one-third across at each end, as already ex- 
plained, in experiments 15 and 33, inclusive. 

The direct-lift impulse-meter was used in experiments 15 to 26, 
inclusive. In cases in which there was impact of the chamber against 
the yoke, or pins, at the lower ends of the rods, R, R, plate 6, 
figure 2, this impulse-meter was useless because of the jar. Only in 
experiments 16 and 22 was there a measurable displacement, the 
negligible displacements in the other cases being doubtless due to 
friction. The spring impulse-meter was used only in the last six 
vacuum experiments. 

An inspection of tables II and III will show that the results, under 
the same conditions, are in sufficiently close agreement to warrant 
the comparison of results obtained under various circumstances of 
firing. 

DISCUSSION OF RESULMS 

1. There is a general tendency for the velocities im vacuo to be 
larger than those in air, for the same length of chamber, 1, and the 
same mass of powder. 

With Du Pont powder, the medium and short nozzles give greater 

_velocities 77 vacuo. The long nozzle, however, does not show results 
very much different from those obtained in air. 
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There is a large difference, however, with Infallible powder, with 
all three nozzles. [For the medium nozzle a comparison of experi- 
ments 4 to 12, inclusive, with 35 and 36 shows that the increase 
amounts to 22 per cent of the velocity in air. 

2. The medium nozzle gives, in general, greater velocities than the 
short or the long nozzle with the same length of chamber, 1, and 
approximately the same charges of powder. In all cases, the short 
nozzle gives less velocity than the medium or the long nozzle, which 
is to be expected. 

3. The results show no appreciable dependence of the velocities 
upon the pressure in the tank between 7.5 mm. and 0.5 mm., and it is 
safe to conclude that the velocities are practically the same from 
atmospheric pressure down to zero pressure, except as regards 
the slight increase of velocity with decreasing pressure already 
mentioned. 

4. A comparison of the results when the chamber moved under 
the influence of the spring with those in which the chamber was 
merely lifted, show that the agreement of results obtained by the two 
methods is good, provided the displacement in the direct lift experi- 
ment is small (compare experiments 40 and 41 with 26). If, on the 
other hand, the displacement in the direct lift experiment is large, 
this method gives considerably less velocities than the spring method 
A comparison of experiments 35 and 36 with 34, 37 and 43 makes it 
evident that all the velocities obtained by experiments in which the 
lift exceeded 4 cm. are from 300 to 600 ft./sec. too small. This is a 
very important conclusion, for it means that the highest velocities in 
vacuo, recorded in table III, are doubtless considerably less than 
those which were actually attamed. 

5. A comparison of the results obtained by means of the circular 
tank with those obtained by means of the cylindrical tank shows that 
the velocities range about roo ft./sec. higher for the circular tank— 
a difference that is so small as to be well within the accidental varia- 
tions of the experiments. 

Concerning the behavior of the cylindrical tank under different 
conditions, a comparison of experiments shows that the velocities 


are much the same for all cases. Hence it is safe to conclude that 


the rebound, at least for small charges, is not excessive even if an 
empty tank is used, providing it is sufficiently large. 
A check of some interest, on the effectiveness of the cylindrical 


tank, with the retarder, J, J’, in position inside, was the sound of. 
Pp 


the shot, which resembled a sharp blow of a hammer on the lower 
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cap of the 12-inch pipe. The impact was most clearly discernible 
when the hand was on the lowest part of the tank. The sound, in the 
case of the circular tank, did not appear to come from any particular 
part. When the tank was grasped during firing, a throb of the entire 
tank was noticed. 

6. Concerning the proportion of the measured reaction that is 
due to gaseous rebound, the tissue paper detector, as has already 
been explained, does not give any information. All that this detector 
really shows is that the force exerted by the initial upward rush of 
gas past the chamber is not excessive. The fact that the tissue paper 
is sometimes torn and sometimes not under identical conditions of 
firing, shows that either this force differs more or less in various 
parts of the tank (7. e., the upward rush of gas is not perfectly 
homogeneous) ; or that the tissue paper is weakened by each succes- 
sive shot. This last explanation is the more probable; for fine 
particles of the wadding rush upward with the gas, as is proved by 
fine markings on the smoked glass, and also from the fact that, after 
a number of shots, the tissue paper is found to be perforated with very 
small holes. 

The gaseous rebound could not be measured accurately with the 
direct-lift impulse-meter. Thus of all the experiments in which this 
meter could be used, 15 to 26 inclusive, only two, 16 and 22, gave 
readable displacements, the failure to obtain readable displacements 
in the other cases being doubtless due to friction, as already men- 
tioned. It will be noticed that the impulse is under one per cent. 

The spring impulse-meter used in the last five experiments gave 
reliable results because of the very slight friction during operation. 
This impulse-meter shows that, if the momentum of the chamber 
were to be corrected for gaseous rebound, this correction would be 
much less than one per cent of the momentum of the chamber. But 
as has been stated above, the impulse of the rebound at the chamber 
must be less than that at the impulse-meter, from the fact that gases 
may pass readily behind the chamber, and exert a downward pres- 
sure, and also because of friction in the 3-inch pipe. The effect of 
gaseous rebound is therefore negligible, and no account of it has 
been taken in calculating the velocities and efficiencies. 

It now becomes possible to find, from the experimental results, 
the highest velocity im vacuo upon which dependence may be placed. 
This is evidently the result of experiment 45 and is 2.34 km./sec. 
or 7,680 ft./sec. It is well worth noticing, however, that experiment 
50 would have given, without doubt, a velocity even higher, had fric- 
tion properly been taken into account. 


. 
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DISCUSSION OF POSSIBLE EXPLANATIONS 

1. The fact that the velocities are higher 72 vacuo than in air seems 
explicable only by there being conditions of ignition different im vacuo 
from those in air; although this may also have been due to the air in 
the nozzle interfering with the stream-lines of the gas, thus produc- 
ing a jet not strictly unidirectional. It should be remarked that the 
highest velocity 1m vacuo recorded, experiment 25, may have been 
due to unusually good circumstances of ignition; but may also have 
been due, in part, to being performed in the circular tank. 

2. The fact that the medium nozzle gives in general velocities 
higher than the long nozzle shows that very likely after traveling 
the distance from the throat equal approximately to the length of 
the medium nozzle, the gas is moving so rapidly that it fails to 
expand fast enough to fill the cross-section of the nozzle. A dis- 
continuity in flow is produced at the place where the gas leaves the 
wall of the nozzle, and this produces eddying and a consequent loss ~ 
of undirectional velocity. The efficiency could doubtless be increased 
by constructing the nozzle in the form of a straight portion, corre- 
sponding to a cone of 8° taper, for the length of the medium nozzle, 
with the section beyond this point in the form of a curve concave to 
the axis of the nozzle. 


CONCLUSIONS FROM EXPERIMENTS 

1. The experiments in air and im vacuo prove what was suggested 
by the photographs of the flash in air, namely, that the phenomenon 
is really a jet of gas having an extremely high velocity, and is not 
merely an effect of reaction against the air. 

2. The velocity attainable depends to a certain. extent upon the 
manner of loading, upon the circumstances of ignition, and upon the 
form of the nozzle. Hence, in practice, care should be taken to 
design the cartridge and the nozzle for the density of air at which 
they are to be used, and to test them in an atmosphere of this 
particular density. 

It is with pleasure that the writer acknowledges the use, as 
honorary fellow in physics, of the laboratory facilities, and especially 
the rotary pump, at the Physics Laboratory at Clark University 
where these experiments were performed. 


‘SIGNIFICANCE OF THE ABOVE EXPERIMENTS AS REGARDS 
CONSTRUCTING A PRACTICAL, APPARATUS 


It will be well to dwell at some length upon the significance of the 
above experiments. In the first place, the lifting power of both 
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powders is remarkable. Experiment 51 shows, for example, that 
42 lbs. can be raised 2 inches by the reaction from less than 0.018 lbs. 
of powder. One interesting result is the very high efficiency of the 
apparatus considered as a heat engine. It exceeds, by a wide margin, 
the highest efficiency for a heat engine so far attained—the “ net 
efficiency ” or duty of the Diesel (internal combustion) engine being 
about 40 per cent, and that for the best reciprocating steam engine 
but 21 per cent. This high efficiency is, of course, the result of three 
things: the absence of much heat loss due to the suddenness of the 
explosion; the almost entire absence of friction; and the high 
temperature of burning. Owing to these features, it is doubtful if 
even the most perfect turbine or reciprocating engine could compete 
successfully with the type of heat engine under consideration. 

It is, however, the velocity (c in equations (6) and (7)) which is 
of the most interest. The highest velocity obtained in the present 
experiments is 13 ft./sec. under 8,000 ft./sec., thus exceeding a mile 
and a half per second (the “ Parabolic velocity ’’ at the surface of the 
moon), and also exceeding anything hitherto attained except with 
minute quantities of matter by means of electrical discharges in 
vacuum tubes. Inasmuch as the higher velocities range between 
seven and eightfold that of the Coston rocket we should expect a 
reduction of initial masses to be made possible by employment of the 
steel chamber, to at least the seventh root of the masses necessary 
for a chamber like the Coston rocket. 

The supposition is, of course, that the mass of propellant material 
can be made so large in comparison with the mass of the steel 
chamber, that the latter is comparatively negligible. No attempt was 
made in the present experiments to reduce the chamber to its mini- 
mum weight ; in fact, the more massive it was, the more satisfactory 
could the ballistic experiments be performed. The minimum weight 
possible, for the same thickness of wall as in the experiments, was 
calculated by estimating, first, the volume of a chamber from which 
all superfluous metal had been removed, as shown by the full lines 
in figure 12, and then calculating the mass of this reduced chamber, 
from the measured density of the steel. The minimum masses of 
chamber per gram of powder plus wadding, estimated in this way, 
were 143, 130, and 120 grams, respectively, for experiments 50, 51, 
and 52. In the last two cases, a smaller breech-block could doubt- 
less have been used, as evident from figure 12; and in the first two 
cases, the chamber wall, itself, could safely have been reduced in 
thickness. More important still, a “ built-up ” construction would 
much reduce the mass as has already been explained.” 
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It should be mentioned that, for any particular chamber, it will be 
necessary to determine the maximum possible powder charge to a 
nicety, from the fact that, as modern rifle practice has demonstrated, 
one charge of dense smokeless powder may be perfectly safe for any 
number of shots, whereas a slightly larger amount, or the same 
amount slightly more compressed (a state in which the powder must 
exist in the present chamber) will result in very dangerous pressures. 

But the whole question of ratio of mass-of-powder-to-chamber is 
without doubt relatively unimportant for the following reason: The 
photographs of the flash, in experiments 9 and 11, in which the flash 
was accidentally reflected in the nozzle of the gun, show the nozzie 
appearing stationary in the photograph, thus demonstrating that the 
duration of the flash is very small; but this, as already explained, 
is much longer than the time during which the gases are leaving the 
nozzle. The time of firing is, therefore, extremely short. This is 
to be expected, inasmuch as the high pressure in the chamber sets in 
motion only the small mass of gas and wadding, and hence must 
exist for a much shorter time than the pressure in a rifle or pistol. 
For this reason the heat such as is developed in the machine-gun, due 
to the hot gases remaining in the barrel for an appreciable time dur- 
ing each shot, as well as that due to the friction of the bullet, will be 
absent in the type of rapid-fire mechanism under discussion. Hence 
a large number of shots, equivalent to a mass of powder greatly 
exceeding that of the chamber, may be fired in rapid succession, with- 
out serious heating.” 
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Bak tik CALCUEATIONS BASED ON: THEORY 
AND EXPERIMENT 
APPLICATION OF APPROXIMATE METHOD 


-As already explained this method consists in employing the 
equations 


; ate _atge_ 
a Best 1) pect 6 
and 
at 
M=eet-®, (7) 


to obtain a minimum M in each interval, where 


M =the initial mass, for the interval, when the final mass is one 

pound, and , 
R=the air resistance in poundals over the cross-section 5, at 
the altitude of the rocket. If we call, P, the air resistance 


per unit cross-section, we shall have for R, PS where 
; 0 


p is the density at the altitude of the rocket, and p, is the 
density at sea-level. 

a= the acceleration in ft. per second *, taken constant fhronene 
out the interval, 

g=the acceleration of gravity, 

t=the time of ascent through the interval, and 

c(1—k) =what will be called the “ effective velocity,” for the reason 

that the problem would remain unchanged if the rocket 
were considered to be composed entirely of propellant 
material, ejected with the velocity, c(1—k). It will be 
remembered that c actually stands for the true velocity 
of ejection of the propellant, and k for the fraction of 
the entire mass that consists of material other than 
propellant. The effective velocity is taken constant 
throughout any one calculation. 

The altitude is divided into intervals short enough to justify the 
quantities involved in the above equations being taken as constants. 
The equations are then used to find the minimum value of M for each 
interval—the mean values of R and g, in the interval, being employed 
—and the “total initial mass” required to raise a final mass of one 
pound to a desired altitude is then obtained as the product of 
these M’s. 
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VALUES OF THE QUANTITIES OCCURRING IN THE: EQUATIONS 


The effective velocity, c(1—k)—The calculation which follows 
has been carried out with the assumption” of a velocity of ejection 
of 7,500 ft./sec. and a constant, k, equal to ;;. This velocity is con- 
siderably less than those that were actually obtained, both in air and 
in vacuo. The “ effective velocity ” will thus be 


c(1—k) =7,000 ft./sec. 


It should be noticed that k could be 7 and yet not necessitate a 
larger velocity of ejection than 7,640 ft./sec., which is also under the 
highest velocities obtained in the experiments. It is important at this 
point to remember that the velocities in vacuo would doubtless. have 
been found to be considerably higher than the above value, if friction 
could have been eliminated in the “ direct-lift ” method. 

The quantity, k.—The mean value of R for any interval is most 
easily obtained from a graphical representation of P as a function 
of v, the mean value of P between the beginning and end of the 
interval being taken. Three curves have been used for this purpose: 
for velocities ranging from zero to 1,000 ft./sec., 1,000 to 3,000 
ft./sec., and from 3,000 ft./sec. upward. The first curve repre- 
sented the experimental results of A. Frank’ obtained with 
prolate ellipsoids. The second curve represented the experimental 
‘results of A. Mallock,’ whereas the third curve represented an 
empirical formula by Mallock,’ which agrees well with experi- 
mental results up to 4,500 ft./sec—the highest velocity that has been 
attained by projectiles—and hence may be used for still higher 

velocities with a fair degree of safety. Mallock’s expression, reduced 
to the absolute ft. lb. sec. system and multiplied by 4, the coefficient 
for projectiles with pointed heads, becomes 


P=0,.00006432Vv? (ye + 480 (8) 


where v’=the velocity with which a wave is propagated in the air 
immediately in front of the projectile ; which equals the 
velocity of the body when that velocity exceeds the 
velocity of sound in the undisturbed gas ; and 
a=the velocity of sound in the undisturbed gas. 
The constant, 480 poundals, must be added for velocities over 2,400 
ft./sec. owing to the vacuum in the rear of the projectile. 


* A. Frank, Zeitschr. Verein Deutsches Ing. 50, pp. 593-612, 1906. 
* A. Mallock, Proc. Roy. Soc., 79A, pp. 262-273, 1907. 
* A. Mallock, Proc. Roy. Soc., 79A, p. 267, 1907. 
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The quantity, p—The above expression (8), for the resistance, 
holds only at atmospheric pressure. At high altitudes the pressure, 
of course, decreases greatly. If we call p the mean density through- 
out any interval of altitude, and p, the density at sea-level, the right 
member of (8), on being multiplied by S and? , will give the air 


0 


resistance, R, experienced by the rocket. 
A curve representing the relation between density and altitude 
up to 120,000 ft. is shown in figure 6. This curve is derived from 
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a table of pressures and temperatures in Arrhenius’ “ Lehrbuch der 
Kkosmischen Physik.’ The ordinates of the curve are the num- 
bers—— 
Po 

Beyond 120,000 ft. the density is calculated by the empirical rule 
which assumes the density to become halyed at every increase in 
altitude of 3.5 miles. A comparison was made between the values 
obtained in this way and those obtained from the very probable pres- 
sures deduced by Wegener, in the following way: The mean density 
between two levels for which Wegener gives pressures was obtained 
by multiplying the difference in pressure by 13.6, and dividing by the 
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difference in level in cm. A comparison showed that the densities 
used in the present calculations beyond 125,000 ft. were from three 
to twentyfold larger than those derived from Wegener’s data, so 
that the values used in the present case were doubtless perfectly safe. 
Densities beyond 700,000 ft. within the geocoronium sphere, must 
be negligible, for not only is the density very small but the resistance 
to motion is very small—due, according to Wegener, to the prop- 
erties of geocoronium—a conclusion which is supported by the fact 
that meteors remain, for the most part, invisible above this level. 


DIVISION OF THE ALTITUDE INTO INTERVALS 


In dividing the altitude into intervals the only condition that must 
be fulfilled is that the densities in any interval shall not differ widely 
from the mean value in the interval. The least number of intervals 
which satisfy this condition are given in the following table : 


Taste TV 
Height of upper end 5 Mean gravity 
Interval | Deve ot of interval above ame he! chosen, in terms of 
| civ sea-level Ot Po |gravity at sea-level 
Si 5,000 ft. | 5,000 ft. 0.928 I 
S2 10,000 15,000 0.730 I 
$3 10,000 25,000 0.520 | I 
S4 20,000 45,000 0.278 I 
Ss 40,000. _ 85,000 0.080 | I 
S6 40,000 125,000 0.015 | I 
S7 75,000 200, 000 0.0026 | il 
sg 300,000 500,000 0.000025 I 
$9(a=150) 3,415,000 3,915,000 Se EE 0.839 
Waeesy | 8,810,000 9) 3TO; O00) & yal ieee 0.684 


The mean densities in intervals s, to sz, inclusive, were obtained 
from figure 21, on which these intervals are marked. The remaining 
densities were estimated as already explained. 


CALCULATION OF MINIMUM MASS FOR EACH INTERVAL 


The tables V and VI are calculated for a start, respectively, from 
sea-level and from an altitude 15,000 ft. ¢., the beginning of ss. 
The procedure in each case is, however, identical. 

The process of calculation is as follows: At the beginning of any 
interval we have the velocity already acquired during the previous 
intervals, let us say v,. This velocity is, of course, zero at the 
beginning of the first interval. Assume any final velocity at random, 
v,, for the interval in question. 
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The value of at may be had from the equation 
V,=Vv,+at, (9) 
and t is at once obtained from the relation 
s=v,t+4at?; 7. e., 
S 
(aay I 
Vo+dat (ee) 


whence, of course, a is at once known. 


i ats” t seats, 
The calculation of ecG-) and ecu—*) call for no comment ; and 
R is obtained as P, the mean ordinate between v, and v, from the 


curves as already explained, multiplied by S and ° . 
Po 
The value of M, the initial mass, for the interval, necessary in 


order that the final mass in the interval shall be one pound, is then 
obtained from equation (7) ; and finally, the ratio of equations (6) 


to (7) € 2, aa} ‘selected, Whisis dis asae ob che ieee 
eca—k) 

mass necessary, including losses due to both R and g, to the mass 
necessary to give the one pound the same velocity, v,, without over- 
coming R and g; and the entire calculation must be repeated until a 
minmum value of this ratio is obtaaned—when the corresponding 
mass, M, will be the minimum mass for the interval in question. Each 
minimum M is marked in the tables by an asterisk. 

This process is carried out for each interval beginning with the 
first. 

It should be noticed that, although P and the density are not’really 
constant in any interval, the result obtained by taking the mean of the 
quantities must nevertheless give results close to the truth, owing 
to the fact that P increases during the ascent, whereas the density 
decreases. 


EXPLANATION OF TABLES V AND VI 


It should first be explained why no minimum M has been calculated 
for the intervals s, and s,. Although the minima for the preceding 
intervals are clearly defined, a trial will show that a minimum M can 
occur, for s, and s,, only for extremely high velocities, v,; although 
for s,, a secondary minimum occurs for v,—8,000 ft./sec. Even for 
V, = 30,000 ft./sec. the minimum has not yet been attained for this 
interval, although the acceleration required to produce this velocity 
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is 6,000 ft./sec.”.. The reason for this state of affairs is evident at 


once from the fact that the density ratio, —°- is very small for Sry 
Po 


and also from the fact that a occurs in the denominator of the term 
containing R in equation (6), so that the large acceleration counter- 
balances the increase in R. 

Thus, in order that the initial mass for s, shall be a minimum, the 
acceleration must become very large, with consequent severe strains 
in the rocket apparatus and instruments carried by the rocket, to 
say nothing of the difficulty of firing with sufficient rapidity to 
produce such large accelerations. It thus becomes advisable to 
choose a moderate acceleration in s, and s,, and not to assign a 
velocity, v,, as was done in the preceding intervals. Two accelera- 
tions are chosen: 50 ft./sec.? and 150 ft./sec.*, respectively. The 
interval s,, also calculated for assigned accelerations, will be ex- 
plained in detail below. In all cases, when either one of these 
accelerations is mentioned in connection with s, and s,, this accelera- 
tion will be understood as having been taken also in the preceding 
intervals, beyond s,. 

In order to see how far the effective velocity, c(1—k) may fall 
short of 7,000 ft./sec. and still not render the rocket impracticable, 
a few additional columns for M are calculated. 

In the first of the additional columns, M., the effective velocity is 
taken as 3,500 ft./sec., namely, half that of the preceding calcula- 
tions. This allows of considerable inefficiency of the apparatus, in a 
number of ways. For example, the product 


c(1—k) =3,500, 


may be given by the same proportionality, k, as before, but with 
a velocity of ejection of the gases as low as 3,750 ft./sec. On the 
other hand, the velocity of ejection may be as large as before (i. e., 
7,500 ft./sec.); and the proportionality, k, increased to 0.533; 
meaning, of course, that the rocket now consists more of mechanism 
than of propellant. 

The second additional calculations, Mr,, are carried out under 
the assumption that a reloading mechanism is used, with k as in the 
original calculations (k=-/;), but that the velocity of expulsion of 
the gases is the mean found by experiment for the Coston ship 
rockets, namely 1029.25 ft./sec. In this case the effective velocity is 


c(1—k) =1029.25(1 —75 ) =960 ft./sec. 
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The third additional calculations, Mr,, are carried out for the case 
of a rocket built up of Coston rockets in bundles (shown in section 
in fig. 22), the lowest bundle of which is fired first and then released ; 
after which the bundle above is fired and then released, and so on. 
For the Coston ship rocket (having a range of a quarter of a mile, 
with the charge of red fire removed, as already stated) the ratio of the 
powder charge to the remaining mass of the rocket is found to be 
closely 4. Hence the “ effective velocity ” in this case is only 


c(1—k) =1029.25(1—#) =257.3 ft./sec. 


The M’s in the last two cases are calculated only for the accelera- 
tions that make M minima for the first case (effective velocity, 7,500 
ft./sec.). Hence in these cases, the M’s are not minima, although 
only in the last two cases is there probably much discrepancy from the 
actual minima. 

The cross-section, throughout any interval, is taken as one square 
inch except for interval s,. It will be seen from the table that this 
is justifiable, as the largest mass in intervals s, to s, does not differ 
much from one pound. 


CALCULATION OF MINIMUM MASS TO RAISE ONE POUND TO 
VARIOUS ALTITUDES IN THE ATMOSPHERE 

The “total initial masses” required to raise one pound from 
sea-level to the upper end of intervals s,, s,; and s, are given in 
table VII. They are obtained by multiplying together the minimum 
masses (marked by stars in table V), from s, up to and including the 
interval in question, and represent, as already explained, the mass in 
pounds of a rocket which, starting at sea-level, would become re- 
duced to one pound at the altitude given. 

The highest altitude attained by the one pound mass is not, 
however, the upper end of the interval in question, but is a very 
considerable distance higher. This, of course, follows from the 
fact that the one pound reaches the upper end of each interval with 
a considerable velocity, and will continue to rise after propulsion has 
ceased until this velocity is reduced to zero, by gravity and air 
resistance. 

If we call v, the velocity with which the pound mass reaches the 
upper end of the particular interval where propulsion ceases, h the 
distance beyond which the one pound will rise (the cross-section 
still being one square inch), and p the mean air resistance in poundals 


4 


g01X6S°8 [oO1x 15'S | O° ol ¥ OLS |,,01x22'E [01x62 | 01x LE°9| 0209 000S16¢ [(0s! =») 
201*23'l |,01*22'8 : je, 01X 29°" 9OXL6Fl | giz 
20lxis |Oe LI : «201xES'9 'g |,01xgIo"| 
s01xZI'6 [02°64 d 0lx 68'Z 501x992 


01x82°2 (p0!960° | 0>°9 G6°S92 
n01*80°9 |,,01x 96'S | 01x92'2 : v's Piste 


Ise-9 —jagrz_ | oixe9'e |,oieo4z proeoe ligzi kaae | ei-vv: loose: | ooosezt 
[OAs0RUT 


2PN3131y | Pee1>42h es 


2995 OOOG! wosg Burzivzg Jaaa,-vag worg burizivizg 482930245 | opnqrz m ae Tee otal 
Gooeimes ae ees n 


SSVI) [PUY PUNsy 2UQ 40F (Sq, UI) SasE>YY JOIAIUT 7>Z0] (oasyoury [#9240949 Jepnaiaiy | 


TIA 31av yi 


NO. 2 METHOD OF REACHING EXTREME ALTITUDES 47 


over the distance h, we have by the Principle of Work and Energy, 


War 
"= 3(e +p) 
The values of p are small, owing to small atmospheric density, being 
1.59 poundals for the h beyond s,; 0.28 beyond s, (a=50) ; and 
0.465 beyond s, (a=150). For s, the low density makes this quantity 
negligible. 

The altitudes obtained by adding to the interval the corresponding 
h, are called the “Greatest altitude attained ” in table VII. 

Obviously if the start is made at a high elevation, the “ total initial 
mass ” required to reach a given height will be iess than for a start 
at sea-level, due not only to the fact that the apparatus is not raised 
through so great a height, but also to the fact that the denser part 
of the atmosphere is avoided. Table VI gives minimum masses, M, 
calculated for a start with zero velocity from the beginning of interval 
s, (1. €., 15,000 ft.), the effective velocity being 7,000 ft./sec., as in 
table V. ' 

It happens that the velocity v, for minimum M in the interval s, 
of table VI is the same as the v, for the same interval in table V. 
The calculations that have been made for the intervals beyond s, 
apply therefore to the present case, and the only difference between 
the two cases is that the masses required to reach s, will be greater, 
for the start at sea-level, than for the start at 15,000 ft. 

The calculations, beginning at 15,000 ft. have been carried out in 
table VII for all but the lowest “ effective velocity ” ; and it will be 
observed that the start from a high elevation becomes important only 
for the lower “ effective velocities.” 

The most striking as well as the most important conclusion to be 
drawn from table VII is the small “total initial mass’ required to 
raise one pound to very great altitudes when the “ effective velocity ” 
is 7,000 ft./sec., the mass for the height of 437 miles (2,310,000 ft.) 
for example, being but 12.33 lbs., starting from sea-level. Even for 
an “ effective velocity” of 3,500 ft./sec., which allows of considerable 
inefficiency in the rocket apparatus, the mass is sufficiently moderate 
to render the method perfectly practicable, for in this case an altitude 
‘of over 230 miles from sea-level, practically the limit of the earth’s 
atmosphere, requires under go ibs."; and an altitude of 118 miles, 
close under the geocoronium sphere, only 38 ibs. For a start at 
15,000 ft., the masses are of course, less, namely 49.3 lbs. and 
20.9 lbs., respectively.” 
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The enormous difference between the total initial masses required 
for low-efficiency rockets, compared with those for high, may at 
first appear surprising; but they should be expected from the 
exponential nature of equations (6) and (7). Thus if the “ effective 
velocity ” is reduced from 7,000 ft./sec. to half this value, the mini- 


Sa Va aS, CaS 


mum masses for each interval, neglecting air resistance, will be those 
for 7,000 ft./sec. squared; and including air resistance, still greater. 
Similarly for an effective velocity of 960 ft./sec. which is that for 
reloading rockets having the same velocity of ejection as Coston ship 
rockets, the minimum masses will be those for 7,000 ft./sec. raised 
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to the 7.28th power; and for bundles or groups of ship rockets, as 
shown in figure 7, the minimum masses will be those for 7,000 
ft./sec., raised to the 27.2th power. Even when air resistance is 
entirely neglected in the calculations for the last case, the masses are 
of much the same magnitude, as shown in table VII. The large 
values of the masses Mr, and Mr, simply express the impossibility 
of employing rockets of low efficiency. Attention may be called to 
the particular case under Mr, (the groups of ship rockets indicated 
in fig. 7) in which one pound is raised to the altitude of 1,228,000 
feet (232 miles) ; the “ total initial mass ” in this case, even neglect- 
ing air resistance entirely, is 2.89 x 107 lbs., or over sixfold greater 
than the entire mass of the earth. 

These large numbers, to be sure, agree with one’s first impression 
as to the probable initial mass of a rocket designed to reach extreme 
altitudes ; but the comparatively small initial masses, possible with 
high efficiency, are not intuitively evident until one realizes what an 
enormous reduction is involved in extracting anything as large as 
the 27th root of a number. 

It should be observed that the apparatus is taken as weighing one 
pound. Strictly speaking, if the recording instruments have a mass 
of one pound, the entire final mass of the apparatus must be at least 
three or four pounds. The mass for the recording instruments may 
be considered as being very small, yet many valuable researches 
could, of course, be performed with an apparatus weighing no more 
than this.” The entire final apparatus should if possible be designed 
to weigh not over 3 or 4 lbs. at most, unless the efficiency of the 
apparatus is so high that the “ effective velocity,” c(1—k), is at least 
in the neighborhood of 7,000 ft./sec. An examination of table VII 
makes very evident the necessity of securing maximum effectiveness 
of the apparatus before a rocket for such a purpose as meteorological 
work, for example, is constructed; in order to make the method as 
imex pensive as possible. It should be remarked, however, that the 
“total initial mass ” will really not be increased im as large a propor- 
tion as the final mass if the latter is made greater than one pound by 
virtue of equation (2). 

Before proceeding further it will be well to consider carefully the 
question of air resistance as dependent upon the cross-section of the 
rocket during flight. It has already been assumed that the cross- 
section, in the calculation of the minimum M for each interval, was 
one square inch. If we make the apparatus as long, narrow, and 
compact, as possible, the assumption of a cross-section of one square 
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inch for an apparatus weighing one pound will not be unreasonable. 
A glance at tables V and VI will show that, for “ effective velocities ”’ 
of 7,000 ft./sec. and 3,500 ft./sec., the mass at the beginning of any 
interval (except s,) does not greatly exceed one pound—the mass at 
the end of each interval being one pound—so that the computations 
are in agreement with this assumption of area of cross-section. For 
the two cases of the adapted Coston rockets, the masses at the 
beginning of the intervals are much larger; and hence we see that 
the “ total initial masses ” in table VII, large as they are, would have 
been even larger if a proper value of cross-section had been employed. 

The important point is, however, that cross-sectional areas of 
even less than one square mch should have been used. The reason 
for this is obvious when one remembers that in calculating the “ total 
initial masses,’ when we multiply minimum masses, M, together we 
are also multiplying the cross-sections in the same ratio. In other 
words, we are considering numbers of rockets, each of one square 
inch cross-section, grouped together side by side, into a bundle. But 
such an arrangement would have its cross-section proportional to 
its mass and not to the 3d power of its mass, as would be the case 1f 
the shape of the rocket apparatus were at all times similar to the 
shape at the start (as in the ideal rocket, fig. 1). This constant 
similarity of shape is, as we have seen (equation 2), one of the condi- 
tions for a minimum initial mass. Hence the “ total initial masses ” 
that have been calculated are really larger than the true minima, 
which would be obtained only by repeating the calculations, assuming 
a smaller cross-section except in the last, few intervals, in which the 
rocket has become so small that the condition of one-square-inch-per- 
pound is approximately satisfied. 

Before leaving the subject of air resistance, attention should be 
called to the fact that the velocities (table V) do not exceed that for 
which air resistance has been studied by Mallock until in s,, for 
a=150 ft./sec.?, and in s,, for a=5o ft./sec.?; and furthermore, that 
the velocities do not become much in excess until the densities have 
become almost negligible. 


CHECK ON APPROXIMATE METHOD OF CALCULATION 


A simple calculation, involving only the most elementary formule 
instead of equations (6) and (7) will show that the.“ total initial 
masses ” in table VII cannot be far from the truth. 

Consider, for simplicity, a rocket of the form shown in figure I, 
and suppose that one-third of the mass of the rocket is fired down- 
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ward, with a velocity of 7,000 ft./sec. at the first shot; one-third of 
the remaining mass, at the second shot; and so on, for successive 
shots. From the principle of the Conservation of Momentum it will 
be evident that the mass that remains is given an additional upward 
velocity of 3,500 ft./sec. after each shot. 

Thus, after the fourth shot, the mass that remains is $$, or prac- 
tically 4, of the initial mass, and the velocity is 14,000 ft./sec. This 
velocity is sufficient, 7f we neglect air resistance, to raise the part of 
the rocket that remains to an altitude of 580 miles (by the familiar 
relation, v-=2gh). Although the range would be much reduced if 
air resistance were considered, it should nevertheless be remembered 
that the values in table VII are calculated for the condition under 
which air resistance 1s a minimum. 

The above simple case is not realizable in practice because of the 
large mass of propellant for each shot compared with the total mass— 
1. €., provision is not made for the mass of the chamber. The result 
will be the same, however, if smaller charges are fired in rapid suc- 
cession, as will be evident from a calculation similar to the above, 
which is carried out in Appendix E, page 63, under the assumption 
of smaller charges for successive shots. 


RECOVERY OF APPARATUS ON RETURN 


A point of considerable practical importance is the question of 
finding the apparatus on its return, and of following it during flight, 
both of which depend in a large measure upon the time of flight. 

Concerning the times of ascent, table VII shows that these are 
remarkably short. For example a height of over 230 miles is reached 
in less than 64 minutes (sg; a=50). The reason is, of course, that 
_ the rocket under present discussion possesses the advantage of the 
bullet in attaining a high velocity, with the added advantage of start- 
ing gradually from rest. In fact, the motion fulfills closely the ideal 
conditions for extremely rapid transit—namely, starting from rest 
with the maximum acceleration possible, and reversing this accelera- 
tion, in direction, at the middle of the journey. 

The short time of ascent and descent is, of course, highly advan- 
tageous as regards following the apparatus during ascent, and 
recovering it on landing. The path can be followed, by day, by the 
ejection of smoke at intervals, and at night by flashes. Any distinc- 
tive feature, as for example, a long black streamer, could assist in 
rendering the instruments visible on the return. 
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Some means will, of course, be necessary to check the velocity of 
the returning instruments. It might not appear, at first sight, that a 
parachute would be operative at a velocity of 10,000 ft./sec. or more; 
but it should be remembered that this velocity will occur in air of 
very small density, so that the pressure, or force per unit area of the 
parachute, would not be excessive, notwithstanding the high velocity 
of the apparatus. The magnitudes of the air resistance will, of 
course, be much larger than would be indicated from the values of 
R in tables V and VI, from the fact that, for motion with the para- 
chute, the cross-section will be much larger in proportion to the mass 
of the rocket than for the cases presented in these tables. 

If the parachute is so large that the velocity will be decreased 
greatly when the denser air is reached, the descent will be so slow 
that finding of the apparatus will not be so easy as would be the case 
with a more rapid descent. For this reason, part of the parachute 
device must be lost automatically when the apparatus has fallen into 
air of a certain density ; or else the parachute must be small enough 
to facilitate a rapid descent, with additional parachute devices ren- 
dered operative as the rocket nears the ground. Such devices are 
not described in the present paper, but can be of simple and light 
construction. 

The effectiveness of a parachute of even moderate size, operating 
in a region where the density is small, may be demonstrated by the 
following concrete example. Suppose that an apparatus weighing 


one pound and having a parachute of one square foot area descends 


from the altitude, 1,228,000 ft. (over 200 miles), and does not en- 
counter any atmospheric resistance until it is level with the upper 
limit of s, (125,000 ft.). This condition will not, of course, be that 
which would actually obtain in practice, for a continually increasing 


resistance will be experienced as the apparatus descends; but if a — 


sufficient braking action can be shown to exist in the present example, 
the parachute device will a fortiori be satisfactory in practice. 

The velocity acquired by the apparatus in falling freely under the 
influence of gravity between the two levels is 


V 64 X I,103,000=8,400 ft./sec. 
Now the air resistance in poundals per square inch of section at 
atmospheric pressure for this velocity is, from the plot of Mallock’s 


formula, 360 X 32 poundals per square inch, making the value of R 
for the area of the parachute 


R=1,653,000 poundals/in.? 


en 
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But the actual resistance is R, multiplied by the relative density at 
128,000 ft. which is approximately 0.01, giving for the resistance, 


F= 16,530 poundals/in.? 


A retarding acceleration must therefore act upon the apparatus, of 
amount given by 
zs = 110,530 ft/sec:? 

Hence tt is safe to say that, long before the apparatus had fallen to 
the 125,000 ft. level, the velocity would have been reduced to, and 
maintained at, a safe value, with the employment of even a small 
parachute. This case, it should be noticed, is entirely different from 
that of a falling meteor; in that the apparatus under discussion falls 
from rest, at the highest point reached, whereas the meteor enters 
the earth’s atmosphere with an enormous initial velocity. 

If it is considered desirable, for any reason, to dispense with a 
sufficiently large parachute, the retarding of the apparatus may be 
accomplished to any degree by having the rocket consist, at its highest 
point of flight, not merely of instruments plus parachute, but of 
instruments together with a chamber, and considerable propellant 
material. Then, after the rocket has descended to some lower level, 
let us say, to the upper limit of s,, this propellant material can be 
ejected, so that the velocity is considerably checked before the 
apparatus reaches as low an altitude as, say, 5,000 ft. [or the cases 
in which the effective velocity, c(1—k), is as large as 7,000 ft./sec. 
there is little inconvenience in increasing the mass in this way. But 
for the case in which c(1—k) =3,500, this method can hardly be as 
satisfactory as the parachute method; for if the “final ” mass to be 
elevated is made a number of pounds, let us say n, the “ total initial 
mass ” (which is large even for one pound final mass) will be n fold 
larger, and the apparatus correspondingly more expensive. 


a= 


APPLICATIONS TO DAILY OBSERVATIONS 


Before leaving the subject of the attainment of high altitudes 
within the earth’s atmosphere, it will be well to mention briefly 
another application of the method herein discussed: namely, to the 
sending daily of small recording instruments to moderate altitudes, 
such as five or six miles. As is already understood, simultaneous 
daily observations of the vertical gradients of pressure, temperature, 
and wind velocity, at a large number of stations would doubtless be 
of great value in weather forecasting. The method herein described 
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is evidently well suited for such a purpose, in that the time of rise 
and fall would be short, so that the apparatus could easily be found 
on the return. Thus the expense would be slight, being simply that 
of a fresh magazine of cartridges for each day. 


For this work, as well as for that previously described, the head of © 


the rocket should be prevented from rotating, by means of a gyro- 
scope, such as is explained in United States Patent, No. 1,102,653. 


CALCULATION OF MINIMUM MASS REQUIRED TO RAISE ONE 
POUND TO AN “INFINITE” ALTITUDE 

From the fact that the preceding calculation leads us to conclude 

that such an extreme altitude as 2,310,000 ft. (over 437 miles) can be 

reached by the employment of a moderate mass, provided the eftici- 

ency is high, it becomes of interest to speculate as to whether or not 


a velocity as high as the “ parabolic ” velocity for the earth could be » 


attained by an apparatus of reasonably small initial mass. 

Theoretically, a mass projected from the surface of the earth with 
a velocity of 6.95 miles/sec. would, neglecting air resistance, reach 
an infinite distance, after an infinite time; or, in short, would never 
return. Such a projection without air resistance, is, of course, impos- 
sible. Moreover, the mass would not reach infinity but would come 
under the gravitational influence of some other heavenly body. 

We may, however, consider the following conceivable case: If a 
rocket apparatus such as has here been discussed were projected to 
the upper end of interval s,, either with an acceleration of 50 or 150 
ft./sec.”, and this acceleration were maintained to a sufficient distance 
beyond s,, until the parabolic velocity were attained, the mass finally 
remaining would certainly never return. | 

If we designate as the upper end of s, the height at which the 
velocity of ascent becomes the “ parabolic ” velocity, it will be evident 
that this height will be different for the two accelerations chosen, 
inasmuch as the “ parabolic ” velocity decreases with increasing dis- 
tance from the center of the earth. 

If we call u=the “ parabolic” velocity at a distance H above the 

surface of the earth, 
v, =the velocity acquired at the upper end of interval s,, 
S, =the height of the upper end of s, above sea-level, 
we have, taking the radius of the earth as 20,900,000 feet, 


u=v,+at, (11) 
H=s,+v,t+4at?, (12) 


ists, oe <> 
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and also the equation relating “ parabolic’ velocity to distance from 
the center of the earth 


36,700 


__ | 20,900,000+ H (13) 
u 20,900,000 : 3 


On putting the values of u and H, from (11) and (12), in (13), 
we have 


\/ 20,900,000 X 36,700= (v,+at) V 21,400,0004+ v,t+4at?. (14) 


Equation (14) is a biquadratic in t, from which t may easily be 
obtained (by trial and error). The values of t, for the two accelera- 
tions chosen, given in table V, enables u and the initial masses for s,, 
to be at once obtained. 

The effect of air resistance in s, is negligible, if we accept 
Wegener’s conclusions, above mentioned, concerning’ the properties 
of geocoronium. But even if we use the empirical rule of a fall of 
density to one-half for every 3.5 miles we shall find the reduction of 
velocity very small on passing from the upper end of s, (500,000 ft.) 
to 1,000,000 ft. (beyond which the density is negligible). This is 
shown in Appendix F, page 64. 

The “total initial masses,” to raise one pound to an “ infinite” 
altitude, for the two accelerations chosen, are given in table VII. 
It will be observed that they are astonishingly small, provided the 
efticiency is high. Thus with an “ effective velocity ” of 7,000 ft./sec., 
and an acceleration of 150 ft./sec.”, the “total initial mass,” starting 
at sea-level is 602 lbs., and starting from 15,000 ft. is 438 Ibs.” The 
mass required increases enormously with decreasing efficiency, for, 
with but half of the former “ effective velocity ” (3,500 ft./sec.) the 
“total initial mass,’ even for a start from 15,000 ft., is 351,000 lbs. 
The masses would obviously be slightly less if the acceleration 
exceeded 150 ft./sec.? 

It is of interest to speculate upon the possibility of proving that 
such extreme altitudes had been reached even if they actually were 
attained. In general, the proving would be a difficult matter. Thus, 
even if a mass of flash powder, arranged to be ignited automatically 
after a long interval of time, were projected vertically upward, the 
light would at best be very faint, and it would be difficult to foretell, 
even approximately, the direction in which it would be most likely to 
appear. 

The only reliable procedure would be to send the smallest mass 
of flash powder possible to the dark surface of the moon when in 
conjunction (1. e., the “ new ” moon), in such a way that it would be 


6 
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ignited on impact. The light would then be visible in a powerful 
telescope. Further, the larger the aperture of the telescope, the 
greater would be the ease of seeing the flash, from the fact that a 
telescope enhances the brightness of point sources, and dims a faint 
background. 

An experiment was performed to find the minimum mass of flash 
powder that should be visible at any particular distance. In order 
to reproduce, approximately, the conditions that would obtain at 
the surface of the moon, the flash powder was placed in small 
capsules, C, plate 9, figure 1, held in glass tubes, T, closed by 
rubber stoppers. The tubes were exhausted to a pressure of from 
3 to 10 cm. of mercury, and sealed, the stoppers being painted with 
wax, to preserve the vacuum. Two shellacked wires, passing to the 
powder, permitted firing of the powder by an automobile spark coil. 

It was found that Victor flash powder was slightly superior to a 
mixture of powdered magnesium and sodium nitrate, in atomic pro- 
portions, and much superior to a mixture of powdered magnesium 
and potassium chlorate, also in atomic proportions. 

In the actual test, six samples of Victor flash powder, varying in 
weight from 0.05 gram to 0.0029 gram were placed in tubes as shown 
in plate 9, figure 1, and these tubes were fastened in blackened com- 
partments of a box, plate 9, figure 2, and plate 10, figure 1. The 
ignition system was placed in the back of the same box, as shown in 
plate 10, figure 2. This system comprised a spark coil, operated by 
three triple cells of “ Ever-ready” battery, placed two by two in 
parallel. The charge was fired on closing the primary switch at the 
left. The six-point switch at the right served to connect the tubes, 
in order, to the high-tension side of the coil. 

The flashes were observed at a distance of 2.24 miles on a fairly 
clear night ; and it was found that a mass of 0.0029 grams of Victor 
flash powder was visible, and that 0.015 gram was strikingly visible, 
all the observations being made with the unaided eye. The minimum 
mass of flash powder visible at this distance is thus surprisingly small. 

From these experiments it is seen that if this flash powder were 
exploded on the surface of the moon, distant 220,000 miles, and a 
telescope of one foot aperture were used—the exit pupil being not 
greater than the pupil of the eye (e. g., 2 mm.)—we should need a 
mass of flash powder of 


2.67 Ibs., to be just visible, and 
13.82 Ibs. or less, to be strikingly visible. 
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If we consider the final mass of the last “secondary’’ rocket 
plus the mass of the flash powder and its container, to be four times 
the mass of the flash powder alone, we should have, for the fixal 
mass of the rocket, four times the above masses. These final masses 
correspond to the “ one pound final mass ” which has been mentioned 
throughout the calculations. 

The “total initial masses,’ or the masses necessary for the start 
at the earth, are at once obtained from the data given in table VII. 
Thus if the start is made from sea-level, and the “ effective velocity 
of ejection ” is 7,000 ft./sec., we need 602 lbs. for every pound that 
is to be sent to “ infinity.” * 

We arrive, then, at the conclusion that the “ total initial masses ”’ 
necessary would be 

6,436 Ibs. or 3.21 tons; flash just visible, and 

33,278 lbs. or 16.63 tons (or less) ; flash strikingly visible. 
A “total initial mass” of 8 or Io tons would, without doubt, raise 
sufficient flash powder for clear visibility.” 

These masses could, of course, be much reduced by the employ- 
ment of a larger telescope. For example, with an aperture of two 
feet, the masses would be reduced to one-fourth of those just given. 
The use of such a large telescope would, however, limit considerably 
the possible number of observers. In all cases, the magnification 
should be so low that the entire lunar disk is in the field of the 
telescope. 

It should be added that the probability of collision of a small 
object with meteors of the visible type is negligible, as is indicated in 
Appendix G, page 64. 

This plan of sending a mass of flash powder to the surface of the 
moon, although a matter of much general interest, is not of obvious 
scientific importance. There are, however, developments of the 
general method under discussion, which involve a number of im- 
portant features not herein mentioned, which could lead to results of 
much scientific interest. These developments involve many experi- 
mental difficulties, to be sure; but they depend upon nothing that is 
really impossible. 


) 


ce 


*A simple calculation” will show that the total initial mass required to 
send one pound to the surface of the moon is but slightly less than that 
required to send the mass to “infinity.” 
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SUMMARY 


1. An important part of the atmosphere, that extends for many 
miles beyond the reach of sounding balloons, has up to the present 
time been considered inaccessible. Data of great value in meteor- 
ology and in solar physics could be obtained by recording instruments 
sent into this region. 

2. The rocket, in principle, is ideally suited for reaching high alti- 
tudes, in that it carries apparatus without jar, and does not depend 
upon the presence of air for propulsion. A new form of rocket 
apparatus, which embodies a number of improvements over the 
common form, is described in the present paper. 

3. A theoretical treatment of the rocket principle shows that, if 
‘the velocity of expulsion of the gases were considerably increased 
and the ratio of propellant material to the entire rocket were also 
increased, a tremendous increase in range would result, from the 
fact that these two quantities enter exponentially in the expression 
for the initial mass of the rocket necessary to raise a given mass to a 
given height. 

4. Experiments with ordinary rockets show that the efficiency of 
such rockets is of the order of 2 per cent, and the velocity of ejection 
of the gases, 1,000 ft./sec. For small rockets the values are slightly 
less. 


With a special type of steel chamber and nozzle, an efficiency has 
been obtained with smokeless powder of over 64 per cent (higher 
than that of any heat engine ever before tested) ; and a velocity of 
nearly 8,000 ft./sec., which is the highest velocity so far obtained in 
any way except in electrical dischar ge work. 

5. Experiments were repeated with the same jue im vacuo, 
which demonstrated that the high velocity of the ejected gases was 
a real velocity and not merely an effect of reaction against the air. 
In fact, experiments performed at pressures such as probably exist — 
at an altitude of 30 miles gave velocities even higher than those 
obtained in air at atmospheric pressure, the increase in velocity prob- 
ably being due to a difference in ignition. Results of the experiments 
indicate also that this velocity could be exceeded, with a modified 
form of apparatus. 
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6. Experiments with a large chamber demonstrated that not only 
are large chambers operative, but that the velocities and efficiencies 
are higher than for small chambers. 

7. A calculation based upon the theory, involving data that is 
in part that obtained by experiments, and in part what is considered 
as realizable in practice, indicates that the initial mass required to 
raise recording instruments of the order of one pound, even to the 
extreme upper atmosphere, is moderate. The initial mass necessary 
is likewise not excessive, even if the effective velocity is reduced by 
half. Calculations show, however, that any apparatus in which 
ordinary rockets are used would be impracticable owing to the very 
large initial masses that would be required. 

8. The recovery of the apparatus, on its return, need not be a 
difficult matter, from the fact that the time of ascent even to great 
altitudes in the atmosphere will be comparatively short, due to the 
high speed of the rocket throughout the greater part of its course. 
The time of descent will also be short; but free fall can be satis- 
factorily prevented by a suitable parachute. A parachute will be 
operative for the reason that high velocities and small atmospheric 
densities are essentially the same as low velocities and ordinary 
density. 

9. Even if a mass of the order of a pound were propelled by the 
apparatus under consideration until it possessed sufficient velocity 
to escape the earth’s attraction, the initial mass need not be unreason- 
ably large, for an effective velocity of ejection which is without 
doubt attainable. A method is suggested whereby the passage of a 
body to such an extreme altitude could be demonstrated. 


CONCLUSION 


Although the present paper is not the description of a working 
motel, it is believed, nevertheless, that the theory and experiments, 
herein described, together settle all points that could seriously be 
questioned, and that it remains only to perform certain necessary 
preliminary experiments before an apparatus can be constructed that 
will carry recording instruments to any desired altitude.” 
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AP PEIN DIA: 


THEORY OF THE MOTION WITH DIRE Gr TotEds 


Let M=the mass of the suspended system, comprising the chamber 
together with any parts rigidly attached thereto, 
m, =the mass of the expelled charge, comprising wadding and 
the attached copper wire, the smokeless powder charge 
(and also, in the experiments im vacuo, the black powder 
priming charge), 
V =the initial upward velocity of the mass M, 
v=the average downward velocity of the mass m, 
and s=the upward displacement of the mass M. 
We have at once for the initial velocity of the mass M, 


Ve 255) 
and employing the Conservation of Momentum, we have for the 
kinetic energy per gram of mass m), expelled, 


APPENDIX B 


THEORY OF THE DISPLACEMENTS FOR SIMPLE HARMONIC 
MOTION 
In addition to the notation given under Appendix A, the following 
additional notation must be employed: 
Let m,=the mass of the spring, 
F,=the force in dynes which produces unit extension of the 


spring, . 
m, =the mass in dynes which produces unit extension of the 
spring, 
and s=the upward displacement of M, resulting from the firing, 


that would be had if there were no friction. 


Then, allowing for the mass of the spring, we have, from the 
theory of simple harmonic motion: 


a Mmg\/ 2aN\ sue 
Bx (M+ =) (3) x 


where x is any displacement, and P is the period of the motion. 


NO. 2 METHOD OF REACHING EXTREME ALTITUDES 61 


But V is the maximum velocity during the motion and hence 


V=o.s, where s is the maximum displacement, and w is a constant, 
having the usual significance ; also 


21 
[Pee == 


Ww 
Hence 


m,2= (M+ ) NE 


5° 


But by the Conservation of Linear Momentum, 


(M+ = Vimy: 
Hence 
i ms Elva Ne 
m.g= (M+ ™) ae ms) = 
3 


giving, for the kinetic energy per gram of mass expelled, . 


a (M+ =) (m,g) 


2 


2)” oe 
From this it is possible to obtain the efficiency, by dividing by the 
heat value of the powder, in ergs; and also the velocity in kilometers 
per second by multiplying by two, extracting the square root, and 
dividing by 10°. 


CORRECTION OF LEE DISPLACEMENT, s; FOR FRICTION 


The displacement, s, in the preceding calculation is assumed to be 
the corrected displacement. This is obtained from the upward dis- 
placement s,, and the downward displacement s,, as 


Se 
s=5,4/ = : 
=) 


Aue PAIN DIX © 


THEORY OF DIRECT-LIFT IMPULSE-METER — 
The theory of the direct-lift impulse-meter is as follows: 


Calling I, the momentum of the gas that strikes the end of the 
aluminium cylinder, 


m,=the mass of the aluminium cylinder, 
V,=the initial upward velocity of the cylinder, 
A,=the area of cross-section of the cylinder, 


A,=the maximum area of cross-section of the stispended system 
and 


comprising the gun, lead weight, and holders, 


s=the displacement of the aluminium cylinder, as obtained 
5 
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from the trace on the smoked glass tube, we have, by the principle of 
the Conservation of Linear Momentum, for the momentum per unit 
area produced by the gaseous rebound, 


ela amie ees 
Xe Hs Ae 
Hence the momentum communicated to the suspended system by the 
gaseous rebound is 
moA, V2gs 
Ne ; 

and calling © the ratio of the momentum given the gun by gaseous 
rebound to the observed momentum of the suspended system, we 
have 


O= m.AgV2gs : 


m,A.Vv 


APPENDIX D 
THEORY OF SPRING IMPULSE-METER 


The theory of the spring impulse-meter is as follows: If we use 
the same notation as in the preceding case, calling, in addition, the 


mass of the spring m,, and the mass required for unit extension of . 


the spring, m,, we have, by the same theory as that for the gun 
suspended by a spring, 
= Ving tim, * 
Hence the momentum per unit area, communicated to the upper 
cap of the 12-inch pipe, when the chamber is fired, is 
1 _ (met im.) Ve _ Vie Fim, Vines 
EES Na AY 
Hence the momentum that would be communicated to the suspended 
system by the gaseous rebound, provided the system were at the top 
of the 12-inch pipe, would be 
AgVme +4ms Vm,gs 
Ne : 
and the percentage, O, of the momentum communicated by the gas- 
eous rebound to the observed momentum of the suspended system, is 


@) = AgVm, a 4m,Vm.g 5 
A.in,¥ 
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APPENDIX E 


CHECK ON APPROXIMATE METHOD OF CALCULATION, FOR 
SMALL CHARGES FIRED IN RAPID SUCCESSION 

Consider a rocket weighing 10 lbs., having 2 lbs. of propelling 
material, fired two ounces at a time, eight times per second, with a 
velocity of 6,000 ft./sec—much less than the highest velocity 
attained in the experiments, either in air or im vacuo. 

Let us suppose that, for simplicity, the rocket is directed upward 
and that each shot takes place instantly (a supposition not far from 
the truth) ; the velocity remaining constant between successive shots. 

After the first shot, the mass, 9% Ibs., has an upward velocity v, 
due to the downward velocity of the 4 lb. expelled. This velocity, 
V,, is at once found by the Conservation of Momentum. But it is 
decreased by gravity until, at the end of } sec., it is reduced to 


Vor = Vo ee gt, 
the space passed over during this time being 
Ss = Vot Fone 4et?. 


We have then, v,’=71.8 ft./sec., and s=9Q.23 it. 

At the beginning of the second interval of 4 sec., an additional 
velocity is given the remaining mass, of 76.8 ft./sec., and the final 
velocity and space passed over may be found in the same way. By 
completing the calculations for the remaining intervals we shall have 
ier time just under 4 sec., vV = 203.1 it./sec.; s=. Qt.98 ft. 
iprdiime just under I sec., v5 = 603.8 it./sec.; s= 335.46 ft. 
and ; 
for tine just under 2 sec:, Vj =1264.1 it./sec.; s=1315.06 i{t./sec. 

These figures compare well with those in table V, for s,. In the 
present check, air resistance would doubtless be unimportant until the 
velocity had reached 1,000 ft./sec. or so; but the velocity would, even 
if decreased somewhat by air resistance, compare favorably with that 
of a projectile fired from a gun. 

No more elaborate calculation is necessary to demonstrate the 
importance of the device, even for military purposes alone; for. it 
combines portability and cheapness (no gun is required for firing it ) 
with a range which compares favorably with the best artillery. 
Further, all difficulties of the nature of erosion are, of course, 
avoided. 
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APPENDIXEH 


PROOF THAT THE RETARDATION BETWEEN 500,000 FT. AND 
1,000,000 FT. IS NEGLIGIBLE 


The falling-off of velocity, w, due to air resistance, is given by 


P22 sh= saws? 
Po 
where P=the mean air resistance in poundals per square inch 


between the altitudes 500,000 and 1,000,000 ft. from 
the previously mentioned velocity curves, the pressure 
being considered as atmospheric. 

p=the mean density over this distance, 

s=the mean area of cross-section of the apparatus through- 
out the distance, taken as 25 square inches in view of 
the average mass, M,, throughout the interval, and 

h=the distance traversed: 500,000 ft. 


It is thus found that the loss of velocity w is less than 10 ft./sec. 


(for a=150 ft./sec.) even when °- is taken as constant throughout 
Po 
the distance and equal to that at 500,000 ft. (1. ¢., 2.73 X 10°). 


v 


AEE NDEI 


PROBABILITY OF COLLISION WITH METEORS 


The probability of collision with meteors of “visible” size is 
negligible. This can be shown by deriving an expression for the 
probability of collision of a sphere with particles moving in directions 
at random, all having constant velocity, the expression being obtained 
on the assumption that the speed of the sphere is small compared 
with the speed of the particles. 

If we accept Newton’s estimate * of the average distance apart of 
meteors as being 250 miles, we have by considering collision between 
very small meteors of velocity 30 miles/sec., and a sphere one foot 
in diameter of velocity one mile/sec., moving over a distance of 
220,000 miles, the probability * as 1.23 x 10%; which is, of course, 
practically negligible. The value would be slightly greater if the 
meteors were considered as having a diameter of several centimeters, 
rather than being particles *; but the probability would be less, how- 
ever, if meteor swarms were avoided. 


* Newton, Encyc. Brit. 9 ed. v. 16. 
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N@ TES 

™ A step-by-step method of solution similar to that herein employed can 
evidently be used for oblique projection—other conditions remaining the same. 

“Tf the efficiency is estimated by the kinetic energy of the rocket itself 
(from the velocity the average mass of the rocket would acquire, by virtue of 
the recoil of the gases ejected with the “average velocity” measured), the 
efficiencies will, of course, be less than the two values given in table I, being, 
respectively, 0.39 and 0.50 per cent. 

“Since this manuscript was written, rockets with a single charge, con- 
structed along the general lines here explained, have been considerably further 
developed. 

* Chambers of considerably reduced weight have since been made and 
tested for velocities comparable to those here mentioned. For two particular 
types of loading device, the ratio of weight of chamber to weight of charge 
(here, 120) were, respectively, 63 (also 30 for this case, but at a sacrifice of 
velocity) and 22; the ratio, for the nozzles, being reducible to comparatively 
small values. In neither of these cases was any special attempt made to reduce 
the weight of the chambers. 

“Later experiments support this prediction, and also demonstrate that 
firing of the charges can take place in rapid succession. 

* The values of c and (1 —k), here assigned, were chosen as being the largest 
that could reasonably be expected. Later experiments have shown that lower 
values are more easily realizable, but it should at the same time be understood 
that uo special attempt has been made to obtain experimentally the highest 
values of these quantities. The numbers chosen may, then, be considered as 
at least possible limiting values. 

It is well to mention, in this connection, that the developments with the 
multiple-charge rocket have, so far, exceeded original expectations. This is 
in accord with the fact that the experimental results have, from the start, been 
more favorable than were expected. Thus an efficiency of 50 per cent was at 
first considered the limit of what could be attained, and 4,000 to 5,000 ft./sec., 
the highest possible velocity. Further it was naturally not expected that the 
velocities obtained in vacuo would actually exceed those in air; nor were 
chambers as light as those at present used considered producible without con- 
siderable experimental difficulty. 

* Distribution of mass among the secondary rockets for cases of large 
total initial mass—For very great altitudes, secondary rockets will be neces- 
sary, as already explained, in order to keep the proportion of propellant to 
total weight sensibly constant. The most extreme cases will require groups of 
secondary rockets, which groups are discharged in succession. 

There are, under any circumstances, two possibilities: either the secondaries 
may be small, so that each time a secondary rocket, or group of secondaries, is 
discarded, the total mass is not appreciably changed, as indicated schematically 
at (a), figure 8; or a series of as large secondaries as possible may be used, 
(b), figure 8, in which case the empty casings constitute a considerable frac- 
tion of the entire weight at the time the discarding takes place. 
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In so far as avoiding difficulties of construction are concerned, the use of a 
smaller number of Jarger secondaries is preferable, but they should be long 
and narrow, as otherwise the air resistance on the nearly empty casings will 
be greater for the same weight of propellant than would be the case if groups 
of small secondaries, case (a), were used, in as compact an arrangement as 


(a) (b) 


Fic. 8. 


possible. It should be explained, also, that if very small secondaries were 
employed, the metal of the magazines and casings would become a consider- 
able fraction of the entire weight, as the amount of surface enclosing the 
propellant would then be a maximum. 

Possibility of employing case (b).—A rough calculation shows at once the 
possibility of using a comparatively small number of large secondaries 


NO. 2 METHOD OF REACHING EXTREME ALTITUDES 67 


(or groups), provided, as is, of course, to be expected from dimensional con- 
siderations, that the larger any individual rocket, the less, in proportion, need 
be the ratio of weight of metal to weight of propellant. 

Such a calculation can be made by finding the number of secondary rockets, 
for case (b), that would be required for the same total initial mass, other 
conditions being the same, as for continuous loss of mass way zero relative 
velocity, which is practically case (a). 

For the latter, equation (7), in which R and g are neglected, is evidently 
sufficient for the purpose, for the reason that the form of the expression, so 
far as (1-k) is concerned, is the same whether or not R and g is included. 

Let us now find what conditions must hold for case (b), in order that the 
total initial mass shall equal that for case (a). Assume, first, that the casings 
are discarded successively at the end of n equal intervals of time, no mass 
being discarded except at these times; the velocity of gas ejection being c, 
as before. The total initial mass is obtained as the product of the initial 
masses for each interval, from equation (7) with k—o0, assuming the final 
mass for each interval is, as before, 1 lb., after first multiplying the initial 
masses by a greater factor than unity, the excess over unity being the weight h, 
of the casings which are discarded at the end of the intervals. 

If, in case (a), we divide the time into n equal intervals in the same way, 
we shall have, as the condition that the total initial masses are the same in the 
two cases, 


att/n)n a(t/n)n 
Meco =(1+h)ne c (15) 
We obtain, then, on combining (15) with (7), 
Mk= (1 +h)2, 
from which 
a eetos aM 
aus log (1-Eh) ° (16) 


Let us assume, for case (a) (many small secondary rockets), as well as for 
case (b) (large secondary rockets), that the ratio of mass of metal to mass 
of propellant is the minimum reasonable amount that can be expected, which 
may be put tentatively, at least, as 1/14 and 1/18, respectively. 

Two cases will suffice for purpose of illustration: one in which the ratio of 
initial to final mass is moderately large, e.g., 40, and the other in which the 
ratio is extreme, e. g., 600. 

The numbers of secondaries (or separate groups) for (b), for these two 
cases, are, from (16), 5 and 9 respectively, n being necessarily an integer. 

It is to be understood that the numbers could be made even smaller, although 
this would necessitate larger total initial masses. 

“Tf the start were made at a greater elevation than 15,000 feet, for example, 
at 20,000 or 25,000 feet, the reduction of the “total initial mass” would, of 
course, be considerably greater. Further, if the rocket were of comparatively 
small mass, it could be raised to an even greater initial height by balloons. 

* Actually, 300 grams would be sufficient, for many researches. 

* Attention is called to the fact that hydrogen and oxygen, combining in 
atomic proportions, afford the greatest heat per unit mass of all chemical 
transformations. For this reason, if the calculations are made under the 
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assumption that hydrogen and oxygen are used (in the liquid or solid state, to 
avoid weight of the container), giving the same efficiency as that for which 
“TInfallible” smokeless powder produces respective velocities of, for example, 
5,500 ft./sec. and 7,500 ft./sec., the velocities (deducting 218.47 calories per 
gram as the latent heat plus specific heat, from boiling point to ordinary tem- 
perature) would be 9,400 ft./sec. and 11,900 ft./sec.; and the total initial masses 
for a start from 15,000 feet, respectively, 119 pounds and 43.5 pounds. 

Incidentally, except for difficulties of application, the use of hydrogen and 
oxygen would have several other evident advantages. 

* This calculation is made under the assumption of stationary centers for 
the earth and moon. 

“The time of transit for the case under discussion would, of course, be 
comparatively large. If, however, the final velocity were to exceed by 1,000 or 
2,000 ft./sec. the velocity calculated, the time would be reduced to a day or two. 

The time can be calculated from the solution, by Plana (Memoire della Reale 
Accademia della Scienze di Torino, Ser. 2, vol. 20, 1863, pp. 1-86), of the 
analogous problem of the determination of the initial velocity and time of 


transit of a body, such as a volcanic rock, projected from the moon toward — 


the earth. 

At the time of signing of the armistice, the net result of the development 
of a reloading mechanism had been the demonstration of an operative appa- 
ratus that was simple and travelled straight, with the essential parts suffi- 
ciently strong and light, using a few cartridges of simple form. 

The work remaining, upon which progress has since been made, has been 
the adaption of the device for a large proportionate weight of propellant. 

* The probable number of collisions here calculated is the sum of the 
probable numbers obtained by taking the velocity of the spherical body, and of 
the meteors, separately equal to zero. 

Let v = velocity of the spherical body, 
V =velocity of the meteors, 
n=the number of meteors per unit volume, which number is, of 
course, a fraction (mutual collisions between meteors being 
neglected), and : 
S =the area of cross-section of the spherical body. 

For v=o, the meteors, if any, which strike the sphere during the time 
t to t-+ dt will have come from a spherical shell of radii Vt and V(t+ dt), 
neglecting the diameter of the spherical body in comparison with that of the 
spherical shell. Further, the probable number in any small volume, in this 
shell, which are so directed as to strike the body, is 

di Staey 

Am ate 
being the ratio of the solid angle subtended at the element, by the spherical 
body, to the whole solid angle, 4m. Hence the probable number of collisions, 
N, from all directions, between the time t: and tz is, evidently, 


N=nSV(te—t:). 


For Vo, an expression of the same form is obtained for the probable 
number of meteors within the space swept out by the spherical body. 
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The sum of these separate probable numbers is the number 1.23 < IO, in 
Appendix G. 

In general, for any values of v and V, the meteors reaching the spherical 
body at successive instants come from a spherical surface of increasing radius, 
Vt, with moving center distant vt in front of the initial position of the 
spherical body. 

It should be explained that when v differs but little from V, the relative 
velocity of the body and meteors is small enough to be neglected, for meteors 
on this expanding spherical surface lying outside a certain cone, the vertex 
of which coincides with the moving center of the spherical body. 

Also, if v exceeds V, the only part of the expanding spherical surface which 
is to be considered is that lying outside the contact circle of the tangent cone, 
the vertex of which also coincides with the moving center of the spherical 
body. 

Attention is called to the fact that, even if meteor swarms were not avoided, 
the probable number of collisions would be reduced if the direction of motion 
were substantially that of the swarm. 

**No difference in the calculation would be necessary if the radius of the 
sphere were to be increased by the diameter of the meteors, these being then 
considered as particles. 
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NOE ONO MR CEA YON Ss INVESTIGATIONS OF THE 
REEATIONS OF RADIATION AND TEMPERATURE 


BYIe GVABBOT 


Nearly forty years ago the late Secretary Langley, at that time 
Director of the Allegheny Observatory, made the following remark- 
able statement in his report of the Mt. Whitney Expedition *: 

“Tf the observation of the amount of heat the sun sends the earth 
is among the most important and difficult in astronomical physics it 
may also be termed the fundamental problem of meteorology, nearly 
all whose phenomena would become predictable if we knew both the 
original quantity and kind of this heat ; how it affects the constituents 
of the atmosphere on its passage earthward ; how much of it reaches 
the soil; how through the aid of the atmosphere it maintains the 
surface temperature of this planet, and how in diminished quantity 
and altered kind it is finally returned to outer space.” 

Let us set over against this pronouncement of Langley the final 
conclusion of Mr. Clayton in the paper which follows: “ The results 
of these researches have led me to believe: 1. That if there were no 
variation in solar radiation the atmospheric motions would establish 
a stable system with exchanges of air between equator and pole and 
between ocean and land, in which the only variations would be daily 
and annual changes set in operation by the relative motions of the 
earth and sun. 2. The existing abnormal changes, which we call 
weather, have their origins chiefly, if not entirely, in the variations of 
solar radiation.” 

Mr. Clayton’s researches have been long, painstaking, and con- 
scientious. By the correlation method and by the direct method of 
comparison he has compared all of the solar radiation observations 
of the Smithsonian Institution made at Mt. Wilson and at Calama, 
Chile, with the temperatures and rainfall of Argentina. His con- 
clusion is of a very revolutionary character and deserves the most 
careful attention of meteorologists and students of solar physics. 

I wish to remark in connection with the subject that as I have been 
concerned in the collection of all of the data on solar radiation which 
Mr. Clayton has used, I am free to point out how imperfect it is. In 


* Professional Papers of the Signal Service, XV, p. 11. 
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the first place, the observations have been taken mainly on Mt. Wilson 
during the season from May until Novemher, and although continued 
for many years, there have been in each year many gaps due to the 
interference of cloudiness and other causes. Not only are there gaps, 
but many of the days which are included in the record are days in 
which observations have been made despite conditions which were not 
perfectly favorable. It may have been that the sky was growing 
clearer or more hazy, due to the approach or recession of cloudy con- . 
ditions, or it may have been that untoward conditions affected the 
instrumental equipment. On these accounts, I think it probable that 
at least one-third of the Mt. Wilson observations are likely to be one 
or more per cent in error. If uniformly excellent solar values had 
been available, I think it is fair to suppose that much higher correla- 
tions would have been found by Mr. Clayton. 

His whole paper deserves careful attention, but in order to fix ina 
striking manner in the reader’s mind the strength of his case for a 
real correlation between solar radiation and terrestrial temperature, 
I would draw attention to tables 1 and 2 of Mr. Clayton’s main paper 
and to the little table in the Appendix. Part of the data in table 2, 
changed to the Fahrenheit scale, forms the frontispiece. 

Having drawn attention to these, which are but samples of Mr. 
Clayton’s results, I now anticipate the question of the reader: Is it 
not more probable that these apparent correlations between solar 
changes and terrestrial changes are really altogether of a terrestrial 
origin? In other words, is it possible that the apparent variations of 
radiation were not truly solar, but were caused by changes in the 
transmissibility or other properties of the air which affected the solar 
radiation measurements in one way and the temperature and rainfall 
of the earth in another? In answer to this possible objection, I draw 
attention to the fact that the correlations which Mr. Clayton has 
found between the weather of Argentina and the results of solar 
investigation have been based not only on the results obtained at the 
near-by station of Calama, in Chile, but much more on the results 
obtained at the very distant station of Mt. Wilson, in California. 


‘In table 2 and the little table of the Appendix note the gradual change 
which is indicated from the results of high maxima of radiation at the top of 
the tables to low minima of radiation at the bottom. Table 2 is indeed particu- 
larly striking. It shows that, in the mean, all large deviations of temperature 
at Buenos Aires are definitely correlated with large deviations of solar radia- 
tion, while no large deviations of temperature are correlated with mean values 
of solar radiation. 


NOTE V 


Not only this, but that similar correlations are found also in Mr. Clay- 
ton’s former paper as between the weather of nearly 50 stations in 
remote parts of the world and the observations made at Mt. Wilson, 
California. In an unpublished communication by Dr. Nansen he 
informs me that similar correlations are found between the tem- 
peratures of Norway and Sweden and the solar results in California. 
Furthermore, my own studies and those of Mr. Clayton show, for 
example, that in the year of 1915 the solar observations indicated the 
existence of a warm and a cold hemisphere of the sun, so that high 
values of the solar radiation were repeated after intervals of about 
27 or 28 days, corresponding to the well-known rotation period of 
the sun. The same effect is found by Mr. Clayton in the study of the 
temperature of Buenos Aires, and the reader’s attention is particu- 
larly drawn to the curves a, b, a’, and 0’ of figure 4 of the accomparty- 
ing paper. But it is not alone with respect to temperatures and rain 
fall that the correlations as found by Mr. Clayton exist. As shown 
in a paper, “On the Distribution of Radiation over the Sun’s Disk 
and New Evidences of the Solar Variability,” * there is also a correla- 
tion between variations of the distribution of radiation along the 
diameter of the sun’s disk and variations of the solar constant of 
radiation. Other investigations by different authors have also 
pointed out dependencies of various quantities on the supposed varia- 
tions of solar radiation. It seems to me that in view of the wide- 
reaching and variegated character of the dependencies which have 
been found, it must be admitted that the variation of the sun is a real 
phenomenon and not an apparent result derived from the effects of 
terrestrial causes on the solar qbservations. 

I would like to draw the reader’s attention in particular to num- 
ber 7 of the conclusions which Mr. Clayton states in the summary of 
his research. In this he points out that variations of temperature in 
Argentina agree well in number and in magnitude to the variations 
which would be expected in view of the supposed changes in the solar 
radiation. It is this and many other features of his research which 
have led him to the conclusion that the weather as distinguished from 
the climate is governed by variations of the sun and would be predict- 
able both qualitatively and quantitatively if we had daily accurate 
determinations of the solar variation. If this be true, we stand, it 
seems to me, on the threshold of a very important research in meteor- 
ology. What is needed is the establishment of sufficient stations for 


* Smithsonian Misc. Coll., Vol. 66, No. 5, 1916. 
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observing solar radiation, in order that, by combining the results of 
all of them, well-founded mean solar radiation measurements may be 
available every day in the year, and for a sufficient succession of 
years, so that quantitative studies of the dependence of weather con- 
ditions on solar variations similar to those of Mr. Clayton may be 
advantageously pursued. 

Plans are now on foot to transfer the Srheonan station in South 
America to the care and support of the Argentine Government. If 
these plans go through, the Smithsonian Institution, it is hoped, will 
be enabled to maintain an observing station in Egypt. With the aid 
of the United States Weather Bureau, investigations are now being 
made to select the most suitable possible site in the United States in 
the hope that our government may be persuaded to equip there a third 
solar radiation observing station, to be operated the year round. Thus 
it may be that sufficient solar observations will be obtained ; but it is 
eratifying to know that great interest is, felt in the matter of equip- 
ping another station in Australia, and it is possible that a fourth 
station may be obtained there. 
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VARIATION IN SOLAR RADIATION AND THE 
WEATHER* 


By H. HELM CLAYTON 
INTRODUCTION 


The following research was carried out with the assistance of the 
computing force of the Argentine Weather Service (Oficina Meteo- 
rol6gica Argentina) and with the encouragement of the chief, 
Prof. G. O. Wiggin, without which it would have been impossible. 
I am also indebted to my associates, Mr. Angus Rankin and Mr. 
William Hoxmark, for valuable assistance and especially for the 
instrument invented by Mr. Rankin for determining angles and 
amplitudes from the coefficients of the harmonic formula, thus greatly 
extending the reseaich by facilitating the work of computation. 


CORRELATION OF THE TEMPERATURE OF BUENOS AIRES WITH SOLAR 
RADIATION OF DIFFERENT INTENSITIES 


In the discussion of the effect of short-period variations of solar 
radiation on the earth’s atmosphere (Smithsonian Misc. Coll., Vol. 
68, No. 3, and Boletin Mensual, Oficina Meteorologica Argentina, 
Junio 1916), it was found that the correlatton between the tempera- 
ture and the solar radiation was higher for central Argentina when 
the temperatures were smoothed by means of 5, and it was also found 
that the highest correlations followed certain very high values of solar 
radiation. These differences in the results might be explained as 
due to an uncertainty in the measurements of the absolute values of 
the solar variations, or to the fact that there were differences between 
the correlations of small and of large solar changes with the earth’s 
temperature. The process of smoothing tends to eliminate the 
smaller oscillations. 

In order to test the question as to whether the correlation with the 
temperature of Buenos Aires was different for large and for small 


*Published simultaneously in Spanish in the Boletin Mensual, Oficina 
Meteorologica Argentina. 
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solar values, the values of solar radiation observed in Calama, Chile, 
in 1918, from July to September, were first correlated with the tem- 
perature in Buenos Aires in the usual way, the correlation being 
made for the same day as the observed solar value and for each 
succeeding day up to 10 days later. These values were kindly 
furnished me in advance of publication by the Secretary of the 
Smithsonian Institution. 

The correlation formulas used were: 
Sry I—?r?) 
v= VS? ; Sy? Gn) e=0.674 oe (2) 
in which the values of + are the deviations from the mean solar value, 
and y, deviations from normal temperature in Buenos Aires; n is the 
number of observations, and e¢ is the probable error when 1 is large. 
When the means of # or y differed from zero during the interval 
covered, a correction was applied. 

Next, all values ‘near the mean were suppressed and only values 
used which differed from the mean as much as 0.020, or about I per 


cent of the mean radiation value. 
Ud 


From these latter values a new correlation factor, 7’, was com-— 


puted. 

The results are given below, the figures following r showing the 
correlations when all the values were taken, and those following 7’ 
showing the correlations with the larger values of solar radiation. 


Taste I—Correlation Between Temperature in Buenos Aires and Solar 
Radiation, July to September, 1918 


Days follow solar variations 


) I 2 3 4 5 6 Gi 8 9 10 
r= —16 —20 —21 —14 +02 +09 +22 +38 +35 +23 +14 
r= —47 —34 —47 —65 -- 08 --28 4-58 -764)) GS) aa ee 


These data indicate very clearly that the correlation is not a linear 
function, not only because the correlation values are larger when the 
data are separated into two classes, but because the maxima and 
minima occur later. In the mean of all, a maximum negative correla- 
tion occurs on the second day and a maximum positive on the seventh 
day following the solar occurrences, while after large values the 
maximum negative value occurs on the third day and the maximum 
positive occurs on the eighth. With the data for 1913 the correlation 
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coefficients were computed for only four days following the solar 
occurrences, and it was shown that a maximum positive correlation 
occurred two to three days later in the tropics and the negative corre- 
lation about three days later in the temperate zones. It is here seen 
that the winter temperature in Buenos Aires conforms to this negative 
correlation, but by extending the correlation to 10 days an equally 
great maximum correlation is found on the seventh to eighth day. 


MEAN TEMPERATURES AT BUENOS AIRES FOLLOWING SOLAR RapDIA- 
TIONS OF DIFFERENT INTENSITIES 


To investigate the question further, the solar radiation values were 
divided into classes differing by .020 calories, or about I per cent of 
the mean. Thus, there are brought together in one group all the 
values from 1.890 to 1.900, next, all those from 1.910 to 1.929, etc. 
The temperatures in Buenos Aires were then tabulated for the same 
day and for each succeeding day up to 19 days following. This was 
done for the years 1913, 1914, 1915, and 1918, the solar values for 
1916 and 1917 not then being available. The solar measurements 
were all made in the summer half-year corresponding to the winter 
half-year in the southern hemisphere. 

Table Il gives the mean departures from normal temperature in 
Buenos Aires following the different intensities of solar radiation. 
- The numbers represent tenths of a degree centigrade—thus 8 indi- 
cates:o.8° C. 


Tarte J].—Deviations from Normal Temperature in Buenos Aires Following 
Different Intensities of Solar Radiation (May to November) 


Solar | 
radiation j Days following 
values 
fis egmzieay |) 
calories | 
cm. perm. | 
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2.000-+.010 |—12) —7| —5 =A _,| =A) =e) 8 

1.980+.010 | —1| —6} —2 al 8) Fol 6) ol 9) 5 5 4 
1.960.010 2 esol deo to} oS 
1.940.010 2| —2 I 7 | 7 
1.920+.010 9| of —4 —4 —6| —4) —9! —5 2) 9 3 3 
I.900+ .O10 10) Io} 23 73 foes S015 —8} —5|—14] —5} 


This table indicates very clearly different effects on the earth’s 
temperature following different values of solar radiation. Following 
values of about 2.00 calories, the temperature of Buenos Aires reaches 
a maximum about 10 days later and a second maximum about 17 
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days later, but following values of 1.98 calories these maxima occur 
earlier; namely, on the eighth and thirteenth day. Following low 
values the differences are equally distinct; after 1.90 calories mini- 
mum temperatures occur on the eighth and eighteenth days, while 
after 1.92 minima occur on the sixth and seventeenth days. Near the 
normal values of solar radiation the progressive change is less dis- 
tinct ; but these also give some evidences of the shortening of the 
interval. The mean radiation value is between 1.940 and 1.950 and 
hence the numbers in column 1 are not symmetrical about the mean. 
It is probably for this reason that the numbers after I.90 are not 
opposite in sign to those after 2.00. The opposition is nearer when 
the values following 1.98 and those following 2.00 are averaged. In 
that case the mean of the two will be about 0.45 calories above the 
mean solar radiation and the.other, 1.900, about 0.45 below. 


MEAN TEMPERATURES AT BUENOS AIRES FOLLOWING MAXIMA AND 
MINIMA OF SOLAR RADIATION 


The above described researches led me to the conclusion that the 
effect of short-period solar changes lasted for longer intervals than 
at first supposed. 

A plot of the observed values of solar radiation shows a curve in 
which large values of radiation are followed by other maxima at 
variable intervals and with variable intensities. The preceding re- 
search rendered it possible that maxima of great intensity would on 
the average be followed by large changes of temperature at Buenos 
Aires, while maxima of less intensity would be followed by tem- 
perature maxima of less intensity separated by shorter intervals. 

Accordingly, beginning with 1909 the various maxima and minima 
of solar radiation were arranged in groups according to intensity, 
the groups being separated as explained above by intervals of 0.020 
calories. For each group, means of the departure from the normal 
temperature at Buenos Aires were then computed for each of 39 
days ; namely, five days preceding the observed solar maximum, and 
for 33 days following. 

These means were divided into two groups: the first for sun-spot 
minimum including the years 1909 to 1914, and the second for sun- 
spot maximum including the years 1915, 1916, and 1918 (the values 
for 1917 not being at hand). The results were as follows in tenths 
of a degree Centigrade: 


’ 
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Tas_e Ill.—Temperature in Bucnos Aires Following Maxima of Solar Radi- 
ation of Different Intensity (in tenths of a degree C.) 
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Tas_e 1V.—Temperature in Buenos Aires Following Minima of Solar Radia- 


tion of Different Intensities (in tenths of a degree C.) 
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The numbers in table III show the mean departures from normal 
temperature in Buenos Aires for five days preceding and 33 days 
following maximum of solar radiation. These maxima are arranged 
according to intensity, differing by 0.020 calories, or about I per cent 
of the mean solar radiation at the earth’s distance outside the atmos- 
phere, according to the determinations of Abbot. The results are 
given in tenths of a degree Centigrade. 

The numbers in table IV show in like manner the mean tempera- 
ture preceding and following minima of solar radiation. 

‘A plot of the means (1909-1918) in table III are shown in figure I 
by curves AT to A5. 

At shows the variation of temperature associated with the largest 
values of solar radiation and indicates that these are followed by 
temperature waves of a period of between 10 and 11 days. This 
periodicity is clearly shown by the minima on the 4th, 14th, and 25th 
days following the solar maxima. The waves following the solar 
maxima of less intensity show shorter intervals between maxima and 
minima. After values of 1.980 calories the mean distance between 
the most marked maxima is about seven days. After solar values 
of 1.960 calories the waves appear to be still shorter, but since, with 
the exception of a, the maxima and minima appeared to be near the 
same days as those following 1.980, an average of the two was taken 
and is plotted as A4. This curve shows very clearly periodic waves 
of between six and seven days. 

Curves A6 and A7 show the variations associated with the larger 
solar values (over 1.990 calories) separately for sun-spot maximum 
(1915-1918), and for sun-spot minimum (1909-1914). The maxima 
and minima of the curves appear to occur somewhat earlier at the 
time of sun-spot minimum and to have a lesser range. 

This result is perhaps because of difficulties in the measurement 
of the radiation values, more values of really smaller intensities being 
included in the minimum years. 

The values from table IV are not plotted, but in general they show 
waves of opposite phase to those in table III, the longest waves 
following the extremely low values of solar radiation. 

Taking the mean solar radiation as 1.94 calories and stipposing the 
waves following maxima of 2.00 calories and those following minima 
of 1.88 calories to oscillate in opposite phase, then the difference 
ought to give the character of the waves better than the separated 
means. A plot of this difference is shown in figure 1, A1, and it shows 


8 SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 7I 


5 


are. 


B 
| ~ ; 

@ 
Ie 


FE 
NI 
: 
ra 
ee 


> 


e 
Z| 


Fic. 1.—Temperature of Buenos Aires following maxima of solar radiation. 

Ax, Following solar maxima above 1.990. 2, Following maxima of 
1.980 = Io. 

A:, Following solar maxima of 1.960+10. As, Following maxima of 
1.940 = IO. ; 

As, Mean of A; and A;. 

As, Same as A: at time of sun-spot maximum. 4:7, Same as A; at spot 
minimum. 

A., Differences between means following highest and lowest values. 

A», Differences between means near average values. 
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oscillations of about 10 to 11 days, up to 30 days following the solar 
measurements. 

The differences between values near the mean; namely, between 
those following 1.960 and those following 1.920 show much shorter 
waves, as is seen in the plot of A2. 

Now the question arises, are these waves set up by solar outbursts 
of energy producing successive waves of temperature like those 
which might result in water from a pebble thrown into a bowl? or do 
they respond to solar periodicities which exist in the sun itself ? 


MEANS OF SOLAR RADIATION VALUES PRECEDING AND FOLLOWING 
Maxima AND MINIMA oF DIFFERENT INTENSITIES 


To test this question, all the observed values of solar radiation 
since the beginning of observations were taken from the reports of 
the Smithsonian Institution and the maxima and minima of radiation 
were read off from the plotted curves. These maxima and minima 
were then divided into groups separated by intervals of 0.020 calories. 
The first group embraced all maxima above 1.990 calories, the second, 
all values between 1.970 and 1.989 calories, the third, between 1.950 
and 1.969, etc. The means of these groups were about 2.000, 1.980, 
1.960, 1.940, etc. Observations were missing for the year 1907 and 
have not yet been received for the year 1917. For each group of 
maxima, averages of the radiation values were obtained for each of 
79 days; namely, for five days preceding the maximum of radiation 
and for 74 days following the maximum. The observations were 
very much interrupted, but for each day the sum of all the observed 
values was divided by the number of observations. 

The values preceding and following minima of solar radiation, 
were treated in the same way. The results are shown in table V for 
five days preceding and 40 days following the observations of maxima 
of radiation. These results are plotted in figure 2. In curve S, which 
shows the mean values preceding and following the maxima of about 
2.000 calories, it is seen that there are various irregularities in the 
curve, but that two chief maxima are observed at 11 and 22 days. 
In curves S5 and S6 where the results are shown separately for sun- 
spot maximum and sun-spot minimum these maxima are equally 
distinct in both curves. The curve 55 for the time of sun-spot maxti- 
mum shows also very regular secondary maxima at intervals of 
three and a half days. At sun-spot minimum this interval becomes 
more nearly five and a half days. 
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Taste V.—Mean Solar Radiation Values Preceding and Following Maxima and Minima 
of Different Intensities * 
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The means are obtained by dividing the sums by the number of observations. 


the means of 2.000 a few values were used exceeding 2.010 and in those of 1.880 a few values below 1.870. 


Fic. 2—Mean solar radiation values following maxima of different intensities. 

Si, Following maxima above 1.990 calories. 2, Following maxima of 
1.980 = Io. 

Ss, Following maxima of 1.960 +10 calories. S.:, Following maxima of 
1.940 = Io. 

Ss, Same as Si, at time of sun-spot maximum. So, Same as 5S; at time of 
spot minimum. 

Si, Same as S» at time of sun-spot maximum. Ss, Same as S» at time of 
spot minimum. 
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Curve $2 shows a plot of the mean radiation values following and 
preceding solar maxima of 1.980 calories and shows that there were 
succeeding maxima at intervals of about seven days. The remaining 
curves do not show sufficient regularity to detect periodic waves with 
certainty, but there appears no doubt from these results that the 
successive temperature waves found in the temperature at Buenos 
Aires had their origin in periodic waves of the same kind in solar 
radiation. 


CoMPARISON BETWEEN THE MEANS OF SOLAR RADIATION AND 
THOSE OF AIR TEMPERATURE 


The relation between the means of solar radiation and those of air 
temperature at Buenos Aires becomes more evident from figure 3 


Fic. 3—Comparison of solar radiation and temperature of Buenos Aires. 
S; and Ss, Mean solar radiation values following maxima above 1.990. 
T, and T., Temperatures at Buenos Aires following maxima above 1.990. 
S; and 71, At time of sun-spot maximum. 5S; and 7», At tin’e of minimum. 


where the curves S5 and S6 are compared with the mean temperature 
at Buenos Aires following the larger maxima of solar radiation 
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(2.000 calories). Curve T is plotted from the same values as 46 in 
figure 1, but is displaced three days to the left and inverted. That is, 
day 3 is plotted under day o of the solar curve and plus values are 
plotted below the mean line and negative above. The values for 
sun-spot minimum from which A7 was plotted in figure 1 were 
treated in the same way and plotted in 72 under S6. The similarity 
of S5 and 77 are very striking and, I think, can leave no doubt but 
that maxima of solar radiation are followed about three days later 
by minimum temperatures at Buenos Aires. 

The correlation between the mean radiation values for the 30 days 
following the radiation maxima of 2.000 and the mean temperatures 
at Buenos Aires three days later is —0.66, and for a change of 1 per 
cent of solar radiation the temperature change is 1.4° C. At sun-spot 
minimum the correlation is less, being —0.48 for 24 days, and the 
temperature change is 0.5° C. Both these values were computed by 
the formula: 


v= Se (3) 


The closeness of the relation at the time of sun-spot maxima may 
be realized further by the statement that the three highest means of 
solar radiation; namely, the means exceeding 1.958 calories (see 
table V sun-spot maxima), were followed three to four days later 
by the three chief minima of temperature; namely, the mean depar- 
tures below —1.2° (see table 1V sun-spot maximum), the departures 
being given in tenths of a degree Centigrade. Seven maxima between 
1.948 and 1.958 were followed three days later by minima of tem- 
perature differing less than 1.1° from the mean, except in one case 
where the minima is obscure. The two lowest values of solar radia- 
tion ; namely, the means below 1.935, were followed three days later 
by maxima of temperature, in one case by the highest mean depar- 
ture from normal temperature ; namely, 1.7°, and in the second by a 
mean departure of 1.0°. 


ANNUAL INVERSION IN THE CORRELATIONS BETWEEN SOLAR RADIA- 
TION AND THE TEMPERATURE IN BUENOS AIRES 


It must be borne in mind, however, that these observations on the 
sun were all taken in the winter half-year of the southern hemisphere. 
The recent observations taken in Chile during the summer half-year 
show that the correlation in summer is not inverted but is direct. 
Observations were begun in Chile in late July, 1988, and correlation 
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factors for the relation between the solar radiation and the tempera- 
ture of Buenos Aires have been computed month by month for each 
half-day up to 10 days following the observations beginning with 
August, 1918, and extending to May, 1919. The results are shown 
in table VI. 


Taste V1l.—Correlation Between Solar Radiation and the Temperature at Buenos Atres. 
Month by Month (August, 1918-May, 1919) 


Aug. | .12| .15| .11/—.03 |—.11|—.18|/—.20*|—.20 —.16|—.06 |—.03 | . 
Sept. |—.41/ —.35/—-22|—.11 |—.16]—.15|—.16 |—.10 | .06] .00 |—.05 |—.26 | 07] .17| .40] .40) .42| .02] .26| .31| .44 


Nov. | .10|\—.07|—.13| —.13 |—-27|—-22|—.29*|—.12 | -12| 01 | .06 |—.o1 |—.04|—.08|/—.04/—,20 —.34|/—.29 |—.11 |—.26|—.37 


Mar. —.13|—.08|—. 13|—.28 |—.14|—.24|—.33 —.36*|/—.20|—. 06 —.12 |—.36*|—.23/—.33| .12/—.20|—.02| .13 | .18 |—.12|—.24 


May Sul] 50@]) oid! GOH 


Days following observed solar values 


POIs |G.) (0-5. | Kall exes |aen | aesul) sama seg: Veeaeinliine Sees ae an Ona eons 7) 7-5 | 8. a5 9. | 95 


03 | .16} .15] .14] .0o] .15| .20| .12] .10] .07 
—.03/—.03|—.06}—.10 |—.03| -13] .13 |—-09 |—.21/—.18 |—.21*|—.15 | .05] .02|—.03/—.09} -o7|—.04 |—.23*|—.18|—.04 | 
. |—.38|—.36|—.06}—.or | .04] .13) .39 | -37]| -26] .33 | -28| .08 | .16) .20| .02| .05|—.28/—.33*| —-10 |—.06/—.or | 


—.21/—.17\—.24|—.26*] .36] .44/ .40| .60] .52| .30| .22] .17 | .28) .20| .16|—.03/—.11/—.26 |—.49*|—.25|—.2¢4 | 
—.o1\—-.06] .04] .18] .19] .19] -19 17 | ~11/—.05 |—.25 |—.47*|—.23| .16| .27| .03|—.0gj—.20 |—.15 |—.14] .02 


. |—.27\—.41|—.32/—.15 | .04| .28| .03 |—.07 |—.24|—.37*|—--31 |—.22 |—.31|—.31|—.18|—.12| -11|—.08 | -23] 17) -12)8 
SOs soleil oii ote aS¥o Ge |! ols |b ost *27| 35) -45) +37) +27; -25| -33 | -25] -09 |- 


| { 
| | 


* Minima. 


In investigating the relation between the Wolf sun-spot numbers 
and the pressure, Mr. Nils Hessling and I have found an annual 
change in the correlation factors for central Argentina as shown by 
the following figures in which the numbers following the words i 
“sun spot’ show the correlation of the monthly mean pressures at } 
Cordoba with the sun spots from 1875 to 1915; and the numbers fol- i 
lowing “ radiation ” show the correlation of Abbot’s radiation values 
with the temperature at Buenos Aires three and one-half days later. 


Jan. Feb. March Apr. May June July Aug. Sept. Oct. Nov. Dec. 
Sun spot —.o9 +.21 —.13 +.61 +.33 +.28 +.34 +.05 +.11 —.16 +.01 —.07 
Radiation +.60 +.17 —.36 —.o7 +.12 te .. —.20 —.10 —.09 —.12 +.37 


During the interval April to September when the sun is in the 
northern hemisphere, the correlation factors show that the pressure 
at Cordoba oscillates with the sun spots; but when the sun is in the 
‘southern hemisphere the pressure tends to be low when spots are 
numerous and vice versa. 

In the case of solar radiation, the temperature at Buenos Aires 
during the summer months December to February inereases when 
the solar radiation increases, reaching a maximum three to three and 
one-half days latex ; but during the remainder of the year the reverse 


Ne a ms a = - ~ n 
ee ee ee oe ed 
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takes place, probably owing to the predominating mass of the land 
surfaces in the northern hemisphere, which being heated causes an 
overflow of air to the south with rising pressure and falling tem- 
perature. It is evident, however, from the data at hand that seasonal 
changes are not the only causes of reversals and that complicated 
movements of air masses are involved which cannot as yet be 
explained. 

The correlations at eight to nine days later, shown in table VI, also 
show an annual inversion, but in an inverted sense to those at three 
and one-half days later; as shown by the following figures for the 
correlations for eight and one-half to nine days following the solar 
observations : ° 


Jan. Feb. March Apr. May Jane Julys Aug. Sept: Oct. Nov. Dec. 
—.49 —.20 +.18 -+.23 +.33 Si .. +.20 +.26 —23 —.29 —.33 


Stupy oF PEertopic CHANGES IN THE TEMPERATURE AT BUENOS 
ArrES BY MEANS OF THE CORRELATION FACTOR 


The great interest in any possible periodicity in the weather as an 
aid to forecasting has led me to try many different kinds of attack 
on the problem. One of these was by means of the correlation factor 
which has come much into use during the past few years. The 
annual and diurnal periods were well known, and the problem was 
to find any periodicities which might exist in the variations from these 
known periods. A long series of years of observations at Buenos 
Aires have given accurate mean values of the temperature for each 
hour of the day and for each day of the year. These values show 
very clearly the annual period in the temperature with the maximum 
in January and the minimum in July and the daily period of tempera- 
ture with the minimum near sunrise and the maximum about 2 P. M. 
Subtracting the mean, or normal values, from the values observed at 
8 A. M. and 8 P. M. of each day, shows the abnormal oscillations of 
temperature. The method of research was to correlate the tempera- 
ture departures from normal with those found one day later, two 
days later, three days later and so on successively to 40 days later. 
These computations were made for the temperature abnormals at 
Buenos Aires for the years 1913, 1914, 1915. It was found that, 
owing to the persistence of temperature effects, the correlation with 
the following day was quite high, being 73 per cent in 1913. As the 
object of the research was to find evidence of periodicity, the calcu- 
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lations for the first day following were omitted in 1914 and for the 
first and second days in 1915. 

The computations were based on 720 observations each year and 
the resulting correlations are shown in table VII and in the curves 
in figure 4. In these plots, ordinates represent correlation coefficients 
and abscissas days following observed values. Curves 1, 2, and 3 
show the coefficients for the years 1913, 1914, and 1915. The 
coefficients are not large and the curves differ from year to year. 
However, the coefficients for 1914 show a remarkably regular seven- 
day period and the curve for 1915 shows an oscillation approximating 
the period of a solar equatorial rotation. When the years were 
divided into parts there remained evidences of periodicity, but the 
results indicate that if such periodicities exist, they change rapidly 
from time to time, first one class predominating and then another. 
Thus, in the early part of 1915, there appeared to be a period of about 
26 days with minor maxima at intervals of six to seven days. During 
the month of June to August there appeared to be a period of about 
22 days and from October to December a period of about 30 days. 
In figure 4, plot 4 shows the coefficients for the interval January to 
June, 1915, and plot 5, the coefficients for the interval October to 
December, 1915. 

On the receipt of the measurements of solar radiation from 1913 
to 1914 (Smithsonian Misc. Coll., Vol. 66, No. 5), the correlation 
factors for solar radiation were computed in the same way as for 
the temperature of Buenos Aires, and although the solar observa- 
tions were very broken, the results indicate that the two sets of values, 
solar variation and temperature in Argentina, showed similar varia- 
tions. The curve for 1913 was published in Smithsonian Misc. Coll., 
Vol. 68, No. 3. This conclusion is now much strengthened by 
Dr. C. G. Abbot’s investigation, “ On Periodicity in Solar Variation,” 
Smithsonian Misc. Coll., Vol. 69, No. 6. In computing the correla- 
tion factors for 1913, I divided the year into two periods, that is, 
the deviations used in the computations were taken from two means, 
one embracing more or less the first half of the period of observation 
and the second the second half. This was done in order to eliminate 
a long period oscillation resulting from a marked decrease in the 
solar values during the other part of the year. In the other years 
treated by Dr. Abbot this change was-not necessary. Dr. Abbot’s 
coefficients of 1914 for solar variation are given in column a, 1914, 
of table VII and are plotted in curve a of figure 4; while those for 


Weaken, 5 


(1), (2), (3), Correlations of the temperature at Buenos Aires for the years 
1913, 1914 and 1915—ordinates, correlation coefficients, abscissas, days elapsed. 

(4), Correlations for the interval January-June, 1915. (5), Correlations 
for the interval October-December, 1915. 

(9) and (a’), Correlations of solar radiation values, June-October, 1914 
and I9Is. 

(b) and (b’), Correlations in the temperature of Buenos Aires for the same 
intervals. 
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IQI5 are given in column a’, 1915, of table VII and are plotted in 
curve a’ of figure 4, while the column b, 1914, and b’, 1915, and the 


Taste VII.—Correlations in the Departures from the Normal Temperatures 
at Buenos Aires for Successive Days and in Solar Radiation 


Values of ry given as percentages 


ee 1015 1015 1914 1915 
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Correlations are expressed as percentages, perfect correlation being 100. 

a = correlation of solar radiation on successive days, June to Oct., 1914.—Abbot. 
b = correlation of temperature in Buenos Aires, June to Oct., 1914.— Clayton. 
a’= correlation of solar radiation on successive days, June to Oct., 1915.—Abbot. 
b’= correlation of temperature in Buenos Aires, June to Oct., 1915.—Clayton. 


curves b, and b’ in figure 4 show the correlation coefficients of the 
temperature at Buenos Aires for the same intervals. 
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It is seen from the plots that the curves a and Db for 1914, follow 
the same general course. However, the solar curve is more irregular, 
owing to the scanty broken observations; but smoothing the com- 
a+2b+e 


puted values by the formula , the values of which are 


shown by the broken curve, brings the two curves a and 0 into very 
close agreement. The highest values are found in each on the 
second and seventh to eighth days, and the lowest on the seventeenth 
to eighteenth days. There are, however, some differences in the minor 
fluctuations. In 1915 the solar values were more numerous, and for 
this year the solar and terrestrial values are in almost complete 
accord, as will be seen by comparing plots a’ and b’. Even the minor 
fluctuations in one curve are visible in the other, the only notable 
differences being the maximum on the twenty-seventh day, not shown 
in the Buenos Aires temperature data. 

This comparison can leave little doubt but that in studying fluctua- 
tion in temperature in Buenos Aires, we are also studying fluctuations 
in solar radiation. | 

For this reason the studies of possible periodic changes take on a 
new interest. The results already obtained show periodic terms 
approximating the period of a synodical solar rotation ; but, since the 
sun has no fixed period of rotation, the interval varying from about 
26.37 days for a synodical rotation at the equator to 39 days in 
latitude 80°, it might well happen that eruptions or outbreaks in 
different latitudes in the sun would cause a mixed or more or less 
indefinite set of periods such as are indicated by the results, in which 
the excess of radiation is predominant now in one latitude now in 
another, thus giving rise to such variation in the predominant periods 
as are observed. 

In order to study the question more in detail, the solar radiation 
values and the temperatures at Buenos Aires were subjected to a 
process of successive smoothing in order to separate the different 
classes of oscillations. 

This process is illustrated in figure 5 by a series of curves. In this 
figure, plot 1 is made from the provisional radiation values deter- 
mined by the Astrophysical Observatory of the Smithsonian Institu- 
tion in Chile. Plot 3 is the mean of three days. Plot 5 is the mean 
of five days, etc., for each odd number of days to 11. In obtaining 
these curves a few missing values were interpolated. In 1 there are 
numerous rapid oscillations numbered 1, 2, 3, 4, etc., with intervals 
of two to four days between the maxima: these are nearly smoothed 
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out in the means of three days and there appear other maxima a, J, 
c, d, at longer intervals apart. 

These maxima remain apparent in the five- and seven-day means, 
grow faint in the nine-day means, and disappear in the 11-day means ; 
there then appear maxima A and B at still longer intervals. In 
obtaining the numbers for these mean curves the values observed in 
the latter part of July were also used. The different classes of waves 
appear even more distinct when the means for the longer periods are 
subtracted from the shorter periods, so that the latter remain as 
residuals. Thus, when the means of three days are subtracted from 
the observed values the two- to four-day waves stand out distinctly 
as shown in plot X in figure 5. The next set of waves shown in the 
plot, in which the maxima are nine to ten days apart, are best found 
by subtracting the means of 11 from the means of five and plotting 
the residuals as shown in curve Y. The next set of maxima which 
are usually some 25 to 30 days apart are best shown by the difference 
between the means of 15 and 30 days. In the present case the data 
for these differences are lacking in the first part of the month, so that 
the difference between the 11-day means and a constant value of 1.950 
is shown by the broken curve, 2, and the values of 15 minus 30 days 
are shown by a dotted curve beginning on the eleventh day. In the 
curves +’, y’, and 2’ are shown plots of the residual temperatures of 
Buenos Aires obtained from the observed minus three-day means, 
the five-day minus 11-day means and the 15-day minus 30-day means. 
In these cases the plots are inverted, temperature below normal being 
plotted above the line, it having been determined by preceding investi- 
gations that the relation between temperature at Buenos Aires and 
solar radiation is inverted in winter. 

The relation of the shorter waves of temperature to those of solar 
radiation is not evident, but the numbers 1, 2, 3, etc., are placed where 
they appear to correspond with similarly numbered solar waves. In 
the waves a, b, c, d, there is clearly a lag in the occurrences of the 
maxima and minima of temperature with a mean of three and one- 
half days and a similar lag in the long waves, A and B. 

In order to ascertain whether each class of waves thus outlined 
followed the same periodic changes, correlation factors for successive 
days were worked out for each successive set of waves. For this 
purpose the temperature observed at Buenos Aires, at 8 A. M. and 
8 P. M. were averaged by progressive means of 3, 5)°7, II, 13, 15, 
etc., and differences were obtained of observed minus three-day 
means, of five minus eleven, etc., taking in each case the differences 


oe 


Gees: 
(1), Observed solar radiation values August 1, 1918 to September 9; (3), 
(5), (7), (9), and (11) progressive means of 5, 7, 9, and 11 days. 
4+), Differences between observed and means of 3 days; (y) between 
means of 5 and 11; and (z) differences between 15 and 30 day means. 
(#’), (y’) and (2’), Similar differences between the mean temperature of 
Buenos Aires (inverted). 
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between means in which the second interval is about twice the length 
of the first. These differences rarely show more than four distinct 
sets of waves, the first having intervals of two to four days between 
the maxima, the second intervals of five to seven, the third 9 to 13 
and the fourth 20 to 30 days. The correlation factors are given in 
table VIII in percentages. 

In figure 6 are plotted the correlations between successive days 
for different sets of waves obtained for the first six months of 1915. 
Curve a, shows the correlations for the differences between the 
observed and three and one-half-days means, b, the correlations for 
the means of three and one-half minus seven days, c, the correlations 
for the means of 7 minus 14 days, and d, the correlations for the 
means of 14 minus 28 days. (These were the intervals used at the 
beginning of the investigation instead of the means of the odd num- 
bers three, five, seven, etc., now used.) It is seen that the shorter 
residuals showed irregular sequences with a maximum at 26 days. 
The curve b, shows regular beats of six and one-half days with 
maxima at 20 and 26 days, the curve c, shows maxima at 14 and 27 
days, and the curve d, shows a maximum at 22 days. 

In a similar manner curves a,, b,, c,, and d, show the correlations 

for the second six months of 1915 and curve d. for the first six 
months of 1916. Curve a, shows a maximum correlation at 26 days 
and secondary maxima such as might be caused by periods of 2.2 days 
(one-twelfth of 26) and 3.3 days (one-eighth of 26). Curve }, 
shows maxima at 22 and 26 days and regular beats of 6.6 days (one- 
fourth of 26). Curve c, shows maxima at 14 and 27 days. These 
variations might reasonably be explained by periodicities connected 
with an equatorial rotation of the sun whose synodic period is about 
26.37 days, since all of them are approximate fractions of this period. 
‘But when one comes to curve d, derived from the correlations of the 
means of 14 minus 28 days, a sharp maximum is found at 22 days 
which no longer fits a rotation period of the sun. 
_ Turning now to the curves for the latter half of 1915 shown in 
figure 6, a, shows regular periods of 3.6 days (one-sixth of 22), 
b, shows periods of 7.3 days (one-third of 22), and c, periods of 11 
days (one-half of 22) while d, shows a distinct maximum at 33 days. 
In this case all the periods except 7.3 are also approximate fractions 
of a 33-day period. Now, 33 days is the synodic period of rotation 
of the sun in the latitude of about 50 degrees where the eruptions on 
the sun which produce prominences are most common at the time of 
a sun-spot maximum according to Lockyer (see Proceedings of the 
Royal Society, Vol. 71, pp. 446-452). 
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Fic. 6.—Correlations in the temperature of Buenos Aires. 

a, From observed minus 34% day means—January to June, 1915. a2, From 
observed minus 3% day means—July to December, 1915. 

bi, From 3% day means minus 7 day means—January to June, 1915. J, From 
3% day means minus 7 day means—July to December, 1915. 

¢1, From 7 day means minus 14 day means—January to June, 1915. c:, From 
7 day means minus 14 day means—July to December, 1915. 

d,, From 14 day means minus 28 day means—January to June, 1915. de, From 
14 day means minus 28 day means—July to December, 1915. 

ds, From 14 day means minus 28 day means—January to June, 1916. 

(1) to (13), From 14 day means minus 28 for successive intervals of 26 days. 
1b, From 3% day means minus 7 day means—January to February, 1915. 

Curve a, b, c, etc., a schematic representation of alternate heating and 
absorption on the sun’s surface. 
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Extending the correlations of the means of 14 minus 28 days to the 
first half of 1916, a maximum correlation is found at 36 days. This 
result could be explained by a movement of the prominences to higher 
solar latitudes. In order to study the question more in detail the year 


Taste VIIl.—Correlations Between the Analysed Temperatures of Buenos Aires for 
Successive Days 
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1915 was divided into 14 periods of 26 days each and correlations for 
one day later, two days later, etc., were found for each group of 
values up to 40 days. These are shown in table VIII under the head- 
ing I to 2, 2 to 3, etc., and are plotted in figure 6 with numbers 
TAZ ee eieie. : 
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These values show periods of about 33 days alternating with 
periods of about 22 days during the first half of the year 1915 and a 
persistent period of 32 to 33 days during the second half. These 
curious phenomena gave rise to numerous hypotheses and a great 
deal of work was done in testing them with the hope of finding a 
satisfactory solution. | 

The most plausible hypothesis seems to be that the true period is 
about 30 to 33 days, due to outbreaks of heated gases on the solar 
surface in the region of the prominences. These gases produce an 
excess of heat for a certain time after eruption, then becoming 
cooled produce the reverse effect by absorbing the radiated heat of 
the solar surface beneath them. This hypothesis is illustrated by the 
curve a, b,c, d, etc., at the bottom of figure 6. The maximum a repre- 
sents the heating effects of gases which, by the time of the next solar 
rotation, have become so cooled as to produce a cooling effect. 

With a semi-rotation, the temperature rises to normal at c and is 
followed by a still deeper minimum owing to further cooling, the 
temperature again rising to normal at d and, if new outbursts begin, 
it might easily rise above normal again at f and g and continue 
emitting heat for several revolutions. With such conditions, the 
maxima b and ¢ would occur at intervals of 22 to 24 days followed 
by an interval of 30 days between c and d and by two further intervals 
of 22 to 24 days between d and f, and they by a succession of periods 
of about 30 days. Something like this succession would explain the 
correlation obtained during the early part of 1915; but to verify such 
an hypothesis, visual observation of the solar surface and the co- 
- operation of the solar physicist will be necessary. 

The results of this investigation strengthen the conclusion pre- 
viously arrived at; namely, that periodicities of different length are 
caused by different rates of rotation of the solar surface which origi- 
nate complex changes in solar radiation ; but in the effect on terrestrial 
temperature there appear to be two dominant periods, one corre- 
sponding with a synodical equatorial rotation and another corre- 
sponding with a rotation in the latittfie of the solar prominences. 
This conclusion is especially well illustrated by the correlations of 
the first 26 days of January, 1915, with the following days. The 
correlation of the means of three and one-half days minus the means 
of seven days is shown by curve p in figure 6 and shows a very dis- 
tinct maximum at about 264 days, while the correlation for the means 
of 14 days minus the means of 28 days shows by curve 1 a distinct 
period of 33 days. In the first case the value of the maximum corre- 
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lation is 0,60 and in the second 0.64; see table VIII, column fp and 
columns one to two. This analysis appears to prove that there exist 
simultaneously periods of different length in solar radiation. 


Stupy oF PERIODIC CHANGES IN THE TEMPERATURE AT BUENOS 
ArrES BY MEANS oF THE HARMONIC FORMULAS 


In order to try every available method of attack on this complex 
problem, it was decided to try an analysis of the data by the poe 
formulas. 

The points to be considered in such an analysis were that the 
periodic terms are very variable and the periods apparently reverse 
in phase from time to time. 

After much consideration and many experimental efforts, it was 
decided to compute the harmonic terms for each individual period 
and assume successive trial periods differing by one-half day begin- 
ning with three and running to 12, and afterwards assuming suc- 
cessive periods differing by one day up to 16 days, and by two days 
from 16 to 30 days (omitting only the period of 28 days). 

The formulas used were as follows: Let J,, 1,,1,....ln_, be observed 
values which are associated with equidistant values of some argument 
(say time) ; then the single periodic terms; namely, coefficients of a 
sine curve passing through the observations, may be represented by 
the formulas : 


L=A,+A, cos +B, sin ¢, (4) 


in which 
eS! _ Xl cos ¢ LSE sine 
A, = ae (5) A,= a oe (6) B= i Se) 
Zale PER omnia nrome es tek 
B. SiG, (S)), Gas WALES? Oro = Saat (9) ¢= 32°. (10) 


6=angle of epoch; namely, the angular distance from zero to the 
part of the sine curve at the time of the first observation. The quad- 
rant of @ is determined by the signs of A, and B,, being in the first 
quadrant when the signs are +/+, in the second when they are 
+ /—, in the third when they are —/—, and in the fourth when they 
are —/+ ; a=amplitude. 

Diagrammatically A, and B, may be segassion as the sides of a 
triangle as in figure 7. 

The angle 6 is not the angle derived by dividing the sum of the 
sines by the sum of the cosines, but is the complement of that angle 
and measures the angular distance from O to F£. 


: 
; 
f 
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Example—Where n=12 (it might be 12 observations at intervals 
of two hours, or 12 observations at intervals of one month, or 12 
observations at intervals of one year). 


Pip ee, Se (pied 2 el cos, (12): Bp==2),, 1. Sind, (13). 
In which /, is equal to successive values of J from 0 to n—1 and ¢, 
successive values of ¢ from o to n—T. 
By assigning various values to r, periods of any length may he 
computed. 


FIG. 7. 


Before applying these formulas to a search for hidden periods 
several tests on known periods were first made. Taking some known 
period like that of the daily change of temperature, the values of 6 
and. of a were calculated for successive individual periods, say for 
22 hours, 23 hours, 24 hours, and 25 hours. 

When the computed values of 6 and a were then plotted on a dia- 
gram like figure 8, it was seen that when the trial period was longer 
than the true period, the successive values of @ fell along a line 
diverging from the horizontal line and beneath it as dC. When the 
trial period was of the correct length the dots fell along a horizontal 
line showing no change in 6; but when the trial period was shorter 
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than the true period, the values fell along a line rising above the 
horizontal as AB. To compute the length of the true period it was 
first necessary to project the line until it had cross 360° and count the 
number of periods and fractions needed. 

Thus, supposing AB to have been calculated for a period of 26 
hours when the true period was 24 hours, it would cross the plot from 
0° to 360° in 12 periods. Since this crossing was equivalent to a 
loss of one period, there must have been 13 true periods; hence 
26 X 12 


3 = 24, or expressed mathematically, 


(14) 


but when the trial period is shorter than the true period, the formula 
becomes 


ree (15) 


Fi 


in which n is counted in periods and fractions of a period, pf is the 
true period and ’ is the trial period. In such a case a plot of the 
amplitude a is nearly a horizontal line. Next a test was made by 
combining a number of periods. Assuming certain phase angles and 
amplitudes for various periods of different lengths, values were com- 
puted for half-day intervals by the formula 

L=A-+asin ¢r, (16) 
in which J, are successive computed values corresponding to suc- 
cessive values of ¢ at half-day intervals. The terms /, and ¢, remain 
as previously defined. 

Figure 9 shows a plot from the sum of the computed values of the 
periods selected. The computations were extended to an interval of 
80 days. The plot covers only a portion of this interval. Without 
any clue to the periods used in forming them the sums of the periods 
were given to my associate, Mr. Angus Rankin, for analysis by the 
harmonic formulas. Computations were made for regularly increas- 
ing periods, first for a period of three half-day intervals, then for 
periods of four half-days, five half-days, etc., successively to 20 half- 
days, and afterwards for periods of successive whole days to 20. 

Table 1X shows examples of the computations where r equalled 
eight half-days and nine half-days. The plot of the computed values 
of 6 and a for the period of four days is given in figure 10. The 
ordinates are in degrees and are repeated three times from 0 to 360 
while the abscissas are successive periods. The values of 6 are shown 
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Fic. 8.—Plot illustrating phase angles in computed periods of 22, 24 and 26 
hours, the real period being 24 hours. 

Fic. 9.—Curve formed from combination of Io periods of different lengths 
and amplitudes. . ; ‘ 

Fic. 1o—Harmonic analysis of data plotted in curve, Fig. 9, using trial 
period of 4 days. 
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by dots. Small triangles indicate the values of 6 corresponding with 
maxima in the amplitudes ; larger triangles indicate the largest ampli- 
tudes. At the bottom of figure ro is shown a plot of the amplitudes 
for 20 successive periods of four days. The plot of the successive 
values of 6 may be called a phasogram and of aan ampligram. Plots 


Taste [X.—Examples of Computation of Phase Angles and Amplitudes in 
Periods of Four and Four and Five-tenths Days 


8 half-days 9 half-days 
(1) Qe 
Products | ; Products 
ap ay Dif Sin Gos S35) ee i Be ae T Sin Cos jee 
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Sums |-+11.67|-9.67 
(2) 
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of this kind were made for each period computed. It is seen that the 
plot of the amplitudes shows irregular variations. The interpretation 
of this is that the maxima indicate times when the phase of two or 
more periods come together. The secondary maxima were inter- 
preted as indicating that two periods were beating together, that is, 
were in the same phase, while the larger maxima indicate that three 


EE 
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or more periods were near the same phase. With these points in 
mind the following rules were drawn up for determining the true 
periods from the plots. 

1. Mark the epoch angles on the plot by some especial symbol 
where the amplitudes showed maxima. (In the plot, figure ro, these 
points are indicated by triangles.) 

2. Wherever a number of dots on the plot appear to lie in Seni 
lines, draw lines through them (see line 3.57 in figure 10). 

3. These lines should pass through or near the points where the 
epoch angles coincide with maximum altitudes or beats (indicated by 
the triangles in the plot). Two lines at different angles to the hori- 
zontal should pass through or near the angles coinciding with sec- 
ondary maxima in the amplitude and three or more through or near 
the angles coinciding with the larger maxima (see figure 10). 

4. When a line drawn through the points as indicated above slopes 
downward from the horizontal the length of the true period, p, will be 


_ pn 
ty NI )’ ; (17) 
and when it slopes upward, it will be 
Se 
P ar n—I1 y (18) 


in which p’ indicates the length of the period used in the calculations 
and m equals the number of periods and fraction needed for the line 
to cross the abscissas differing by 360°, as for example, from 0° to 
360°. The three lines drawn in accordance with these rules, in 
figure 10, gave by these formulas estimated lengths of 3.57, 4.96, 
and 5.98; while the true periods were 3.60, 4.80, and 6.10. 

5. To obtain the true epoch angle 6, at any time, read the angle 
indicated by abscissas cutting the line at the selected point of the time 
and correct it by the formula: 

6=—6'+ 360 (PP), 
p Zz, 
The correction is plus when the line slopes upward and minus when 
it slopes downward. 

With these rules and without any clue to the number or length of 
the true periods entering into the plot, Mr. Rankin undertook to find 
the true periods and submitted the following result given in the first, 
second and third columns of table X ; the true periods and the ampli- 
tudes used in forming the combined sums are given in the fourth 
column. 
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TapLe X.—Periods Derived from Harmonic Analysis of Trial Periods 


Estimated 


Estimated periods azimuths of 
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In obtaining the results given under the heading “ First Method ” 
in table X every possible period indicated by the plots was taken and 
then a curve formed showing the frequencies of periods between 
intervals of half-days. From the maxima of frequencies the prob- 
able true periods were selected and the means of the indicated periods 
near these maxima were obtained. The number of cases are given 
in the table. 

In obtaining the results indicated under “ Second Method” only 
the periods running through or near the points corresponding to the 
maximum amplitudes were used. This method corresponded most 
nearly with the instructions prepared in advance and evidently gives 
the best results. 


Taste Xl.—Periods Determined From Harmonic Analysis of Trial Periods 
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In obtaining the results given under “ Third Method” the means 
of nine periods were obtained and a “ periodogram” made. From 
the maximum amplitudes were read the corresponding lengths of the 
periods and the mean amplitudes. This was the only method used 
for determining the amplitude, as no satisfactory formula was found 
for the first two cases. This method does not permit of determining 
the length of the longer periods for lack of sufficient number of 
periods. The true length and the amplitude of the period are given 
under the heading “ Real Periods.” 

The estimated azimuth at the time of the epoch, or beginning of 
each series, was read from the various plots and is given in columns 
5 and 6, table X, followed by the true azimuths in column 7. 

The results from the second method were read from each plot by 
me and are given in table XI. This table shows clearly how assumed 
periods near the true period enable the length of the different periods 
to be estimated and how the means of successive estimates from 
assumed periods of successively greater lengths allow the true periods 
to be determined. 

The data in this table were obtained by plotting the phase angles 
and amplitudes determined from the harmonic analysis of assumed 
periods of successively greater length, indicating in the plots the 
phase angles corresponding to the stronger amplitudes or beats, and 
drawing straight lines through the indicated phase angles. Each 
phase angle corresponding to a maximum beat was supposed to be 
common to two periods and in the case of the extreme amplitude was 
- supposed to be common to three or more periods (see figure 10). 

Table XII shows the results of an analysis of the pressure at 
Buenos Aires in periods of successively greater length using the 
observed values of the pressure at 8 A. M. and 8 P. M. in July, 
August, September, and October, 1917. 

These results indicate a complex set of periods ; but when formed 
in series, as shown at the bottom of the table, the shorter periods are 
seen to be approximate submultiples of the longer periods. 

The temperatures observed at 8 A. M. and 8 P. M. each day at the 
Observatory of Chacarita, Buenos Aires, were analysed in this way 
for the years 1917 and 1918, using in the analysis, not only periods of 
successively greater length in days and half-days to 30 days, but also 
submultiples of a few longer periods. The frequencies of estimated 
true periods were counted for short intervals, the intervals being 
proportional to the length of the periods. Means were not taken, but 
each estimated length was used in counting frequency of occurrence. 
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TasLe XII.—Periods Indicated by Harmonic Analysis of Pressure at Buenos 
Aires 


ASSUMED PERiIopS AT HEAD oF CoLUMN, ESTIMATED TRUE PERIODS BELow. 
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TasLte XIIJ.—Periods Indicated by the Harmonic Analysis of the Temperature 


* Periods most 


strongly indicated. 


Single periods|Means 3, 6,9,18||Single periods |Means 3, 6,9, 18|| Single periods|Means 3, 6,9, 18 
Year | Year | Year | Year Year | Year | Year Year | Year | Year | Year 
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.... | 1.48 | 1.42*| 1.47*|| 4.92*| 4.88*| 4.80*) 4.94*||10. sone WN@a7s iO. 72 
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1-86 | 1.87*] 1.84 | 1.87*|| 6.08% 6.07*| .. setae clih ss T2OOr Sy WS) les sare 
Sone | BOR MW Balorrdl 21 Cloyll oezl eonk a ll Coys 6.28 ||14-00 |14.10 | .... |13.90 
Pails, Peel SOMO astro SOR ROMAN RAN su nae Ont SO) |) eany. 
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2.78 | 2.78 | 2.70*| 2.72*|| 8.30% 8.40 | 8.20 | 8.00 ||20.5* |20.4* |20.4 | ...- 
a's eee OO) laaho2 .80*| 8.88*| 8.73 | 8.89 ||22. Boyce 22.4. 121.9 
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BLE XIV.—Periods derived from Harmonic Analysis Compared with Periods of 26.4, 29.8, 


ee ee 


31.8, 36.5, 40.4 and 44.4 Days 


nT eee ee ee ee ee ees 


| Observed 
Siew stall 
| 
a b 
26.20 |26.45*||29.80 
13-15 ||14-90 
8 .84*| 8.81 || 9.93 
6.54 | 6.44 || 7.45 
sc agoldscobe 5-96 
| 4-48 | 4.43*|| 4.97 
3-84 | 3.63*|| 4.26 
3-35"| 3-32 || 3-73 
Sacer 3-01 || 3-31 
2.62*| 2.71*|| 2.98 
2.19 | 2.20*|| 2.48 
1.87*| 1.86*|| 2.13 
pongdoll-naeos 1.99 
1.67*| 1.68 || 1.86 
1-48 | 1.45*|| 1.66 
Liogowlledooae 1.49 
Mi epetis soos Pararanevote 1.24 
sooaodllscease 1.06 
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joes ps Se a jess ae 
a b a b a b | @ b a b 
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hauetalR waned, 15-67 |I5.72 18.28*/18.30*||20.20 |20.40*/20.40 ||22.20 |23.45 |22.20 
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5-80 | 5-93” 6.36*| 6.44 7.28 | 7.28 -08 | 8.30*] 8.10 |] 8.88 | 8.84%] 8.81 
4.90*| 4.87* Boker 5-44" GzOGslelenietere Paulette 6.91 || 7.40 | 7-28 | 7.42* 
AP Nagas Aoals) Cina at le stocdiloacecs -77 | 5-80 | 5-92*|| 6.34 | 6.36%) 6.26* 
3-637 3.63* Al{19) || angen AivA Gin | stareretere OS Pad soalecoade Bie5 Sul aiesteresi| estetarsts 
Zinsivell sae) {Il tos logaoe -|3-48* Ale(0) Jaana .49 | 4-48 | 4.43*|| 4.93 | 4.90%] 4.87* 
sHouee 3-01 3 18" 3-16 3-63*| 3.63*|| 4.04 | 4.00 |......|| 4.44 | 4.48 | 4.43" 
2.43*| 2.42 202" |. toys dodo} Bicor B07 |) Boles || Bosksdl) BaF) loaedooliqodoor 
Asn |scooe Bod Nionane PUvSboacde SoA Goolsodeeb Bowtzs, || ciouvjall Blonds 
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a, periods derived from the analysis of single periods. 


b, periods derived from the analysis of the means of 3, 9, and 18. 
* Periods most strongly indicated. 
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Between 1.00 day and 2.58 days, the frequencies were counted for 
each 0.01 day ; between 2.58 days and 4.16, for each 0.02 day ; between 
4.16 and 10.60, for 0.04 day ; between 10.16 and 18.20, for o-Io day ; 
between 18.20 and 34.00 for 0.20 day, and between 34 and 74 days, 
for 0.50 day. The results were smoothed by taking successive over- 
lapping sums of five and these results are shown in figures 11 and 12. 
The frequencies are greater for the shorter periods because of the 
greater possibility of occurrence, but no correction was attempted. 

The count of the frequencies and the plot were made by Mr. 
William Hoxmark. In the plot the ordinates are frequencies and 
the abscissas are length of periods. 

The periods indicated by maximum frequencies are given in table 
XIII, in which the periods most strongly indicated are designated by 
an asterisk. 

Turning to the periods exceeding 26 days, it is seen that periods are 
indicated at about 26, 28, 30, 32, 36, 40, and 54 days. 

The shorter periods appear to be submultiples of these longer 
periods as shown in table XIV. In this table, 44 days was substi- 
tuted for 54 as the submultiples of this period appeared to be stronger 
than that of 54. 

The next step was to ascertain if there was sufficient permanency 
to the periods to form mean values for a considerable length of time. 
To do this, it is only necessary to take means of successive values of 
SJ, cos 6 and of SJ, sin 6 for as many successive periods as desired 
and then compute 6 and a from the mean values. 

Overlapping means were obtained for 3, for 9 and for 18 periods. 
The results showed periods of nearly the same lengths as the indi- 
vidual periods and gave the lengths with greater accuracy (see 
figures 13 and 14), the length of the periods above 20 days being 
indicated as 22.0, 26.4, and 30.8 (see table XIII). 

As a further test, the calculations for the 30-day period were 
extended backward to 1911 for successive means of nine periods. 
The interval taken for the calculations was one-twelfth of a year and 
the computed azimuths and amplitudes are plotted in figure 15. From 
IQII to rg15 a line connecting the plotted azimuths slants upward 
indicating a period of 30.1 days. At the beginning of 1915 a sudden 
change in the slope of the line indicates a period between 33 and 34 
days during 1915 and of about 31.2 days during 1917 and 1918. 

This change of length is curiously related with solar activity, there 
being a sun-spot minimum from 1911 to 1914 and a greatly increased 
solar activity beginning with 1915. 


; Gaecuaesn 
R/T ac A NY 
NS rns 
-snBnnN 
SOS 


Fics. II AND 12.—Frequencies of occurrences of periods of different lengths 
derived from harmonic analysis of temperature at Buenos Aires, 1917 and 
1918, in single periods. 
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Fics. 13 AND 14.—Frequency of occurrence of periods of different lengths 
derived from harmonic analysis of temperature at Buenos Aires, 1917 ‘and 
1918, derived from means of 3, 9 and 18 periods. 
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If the period is associated with solar rotation, then the outbreaks 
would be in about latitude 40 from I191I to 1914 and in latitudes 
between 50 and 60 in 1915 to 1918. These changes agree fairly 
well with the changes of latitude of solar prominences, which accord- 
ing to the Lockyers are found in about latitude 40° or near the time 
of sun-spot minimum and move to higher latitudes at the time of 
sun-spot maxima. (Proceedings of the Royal Society, Vol. 71, 
pp- 446-452.) 

The approximate regular advance of the 6 for long intervals, as, 
for example, from IQII to 1914, is surprising. It apparently indi- 
cates that outbreaks on the sun continue in approximately the same 
regions for long intervals, or else there is some other cause of the 
period than solar rotation. 

An analysis of the 22-day period for several years did not give 
any clear indication of continuity, but an analysis of a period of about 
nine days gave a remarkably steady progression of the azimuths, 
indicating that the true period lay between 8.78 and 8.80 days, and 
hence about one-third of a synodical rotation of the sun at the 
equator. In this case there was no evidence of change of length with 
the sun-spot period. 


Stupy oF PERIODIC CHANGES IN SOLAR RADIATION By MEANS OF 
PERIODOGRAMS DERIVED FROM FOURIER SERIES 


From the evidence found in the case of the 30-day period and in 

the 8.8-day period it seems probable that, in the average of nine or 
more periods, the periodic or semi-periodic changes in solar radiation 
continue in the same phase for sufficient intervals to be studied by the 
method of the periodogram described by Schuster. 
_ For the first inquiry of this kind there were used the means. for 
the 75 days following and five days preceding the values of 2.00 gram- 
calories per square centimeter in solar radiation for the years of sun- 
spot maxima (see table V, column 2). 

Daily averages were obtained for successive periods between 23 
and 44 days and a Fourier series was made to the sixth subharmonic 
and in a few cases to the eighth and tenth. The amplitudes computed 
by the harmonic formulas are given in table XV, part I, and plotted 
in curve A, figure 16. The plot is made on a logarithmic scale, so 
that the distance between the periods is proportional to their length. 
Turning to the plot and looking first at the periods above 16 days, it 
is seen that there is a maximum at 20 to 21 days and a prolonged 
maximum between 28 and 31 days. This latter is of much interest 
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because it corresponds to solar rotation in the region of the promi- 
nences; but the maximum near 21 days cannot thus be explained, 
unless it be a half-rotation at very high latitudes. The most striking 
maxima, however, are those at 3.5 and 11.3 days. 

These maxima were derived from an inspection of the curves $5 
in figure 3. It is now seen from figure 16 that these maxima are not 


the only ones, but that there are maxima 5.7, 9, and 13 days almost ~ 
as marked as at 11.3 days, while there are less marked maxima at. 


5.25 and 6.8 days. This analysis proves that by dividing the solar 
radiation values into separate classes we do not eliminate any of the 
complex periods. The differences shown by figures 1 and 2 are due 
to relative differences in the strengths of the different periods follow- 
ing different solar values. 

It is further seen that the maxima bear some kind of relation to 
each other. The period of 3.5 days is one-third of a period of 10.5 
days and the later period is one-half of 21 days and one-third of 
31.5 days. Again 5.25 days is nearly one-fifth of 26.3 days, 9 days is 
nearly one-third, and 13 days is nearly one-half of this number. 
The maximum at 6.8 days is between one-fourth of 26.3 and one- 
third of 21 days, while 5.7, 6.8, and 11.3 are submultiples of 34. 
Owing to the difficulty of dividing the periods into fractions there 
is some uncertainty about the amplitudes of the uneven divisions of 
periods. 

It now seemed worth while to make a periodogram of a series of 
observed values of solar radiation without separating them into 
erades. The longest available series of observations is that made in 
Calama from July 27, 1918, to May 16, 1919. These values were 
averaged in successive periods running from 23 to 44 days and were 
further averaged in submultiples of one-half, one-third, one-fourth, 
one-fifth, one-sixth, and one-eighth of these, and the amplitudes of 
the resulting periods were computed by means of the harmonic 
formulas given above. The results are shown in table XV, part II, 
and plotted in curve B, figure 16. In this curve the maxima are 
remarkably near those of curve A for the periods below 14 days 
and unlike those of curve A for the longer periods. Both curves 
show maxima at 3.5 days, 6.8 days, 9 days, 11.3 days, and 13.2 days; 
but instead of the maxima at 21 days as in curve A, there are now 
found maxima at 18 and 24 days. 

There are still found maxima at 28.32 and 42 days, as in the upper 
curve, but with different intensities. This difference may be owing 
to the few periods embraced in the lower curve, which was made up 
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from the average from about 10 months while the upper was derived 
from the broken averages of several years. 

Examining part II of table XV, it is seen that the maxima, although 
considerably scattered, tend to group themselves about certain 
periods, as for example 264 and 34 days and their submultiples, while 
there is also some evidence of grouping around 29 days and 40 to 
42 days. The largest values are near the submultiples of 34 days, 


Taste XV.—Amplitudes of Periods in Solar Radiation 
(Fourier Series of 23 to 44 days) 
Part I.--Mean RApDIATION VALUES AT SUN-SPoT MAXIMA FOLLOWING 
VALUES OF 2.00 


Part of 


| 

pened Days| 23 | 24 | 25 | 26 |26.5) 27 | 28 | 29 | 30 | 31 | 32 | 33 | 34 | 36 | 38 | 40 | 42 | 44 

I I.5] 0.5| I-5] 2.3|----| 2.8] 3-3] 3 3] 2.6] 3-3] 2-8] 2.6] 3.1] 1.7] 0.3] 0.3] 0.9 0.2 
1/2 1.8] 3.2] 4.0, 4.4| 4.1] 3-6] 2.4] 0.9] 1.6] 1-6] 1.4] 0-9] 0-9] 1-5] 1-6] 3.4] 2-8, 1.9 
1/3 Meal ues! Tezlir.8| 2.4|4eziia-2|(rarl aeqll anal 3.5|| 2.8] 626] Se2ise-5| 3.4) 2-4) neg 
1/4 1.8] 2.6] 2.2] 1.9|--.-| 3-7] 2-6] 2.1| 2.6] 1.5} 1.8] 0.5] 0.9] 4.2]- 1.8] 4.7) 2.8 
1/5 ocsallogaallse@!) moO] aasllooosis ec aliconall Be@lfocaslinono|| 2aai| woS}) Soi las 1.8] 0.6) 3.8 
1/6 1-5}.---| 2-2}..-.| 2.2] 1.7] 1.5|....|----| 2-4] 5-6] 2.6]- HA) SOA Ban 
1/8 s-e|.---| 2-9)..--| 3-5] I-4] 7-3] 4-8] 3.4].- BAD anol) Lesfoodallacoo||Ssoc 3-6).... 
1/10 seceleweeleceeleecelenee| Ae Sal) aolyloo Ba Neoaalladoalleaso : 3-8) 2.5] 1.5 

| 
Part I].—MEAN OF ALL VALUES, JULY, 1918-May, Igi9 

Seri Days | 23 | 24 | 25 | 26 | 265) 27 | 28 | 29 | 30 | 31 | 32 | 33 | 34 36 | 38 | 40 | 42 | 44 

T 4-8} 6-6| 5.1] 0.9] 3-2] 1.6] 4.3] 1-6] 1.3] 1-5| 2.8, 2.9] 1-7] 2.2] 3.6] 5-2/ 5.3] 2-0 
1/2 5-6] 2.3] 3-0] 4.1| 5-0] 2.6] 2.7] 3.1] 7-4] 5-7] 2.8) 2.6] 1.8] 8.3) 2.3] 2.9) 2-1] 2.7 
1/3 2.8| 1.7| 0.8] 2.1] 5.0] 3-1| 5-0| 4-5| 1.6| 4.6] 4.6) 8.0] 8.2) 2.2] 3.2] 5.0] 2-7] 1-1 
1/4 1.5] 2.7| 2.3| 4.1| 5.2] 7-7| 2-8| 4-1] 2.8] 2.8] 1-7| ¥.9] 0-6] 3-1] 3-9] 1-6] 4.1| 8.0 
1/5 1.6] 4.1] 6.3] 3-6] 3-9] 3-6] 1.8] 1.5] 2.7] 0.9] 1-2) 4.6) 7.7| 3.6] 2.2] 1.7] 1.0] 4.5 
1/6 3-0] 1.0] 3.2] 5.0] 3-4] 1-8] 1-6] 4-1] 6.3] 4-0] 3.6] 2.5/5.9! 2.7) 2.4! 3.4] 2-8} 4.1 
1/8 2.8] 4.8] 4.1] 2.1] 3.5| 1-4] 6-3] 3-4] 3-0] 3-0] 1-0) 3.6] 4.7; 1.8] 3.6] 6.3} 3.6] 2.5 
1/10 cascilacaallsacallooga|losoalion Al Os] ZG Paldsllbo66|lodsell Sosilteeatlossalecad|Cooellabealldaod 
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Unit equals 0.001 gram calory per sq. cm. per minute. 


as 1f these were the strongest periods in solar radiation and the range 
of oscillation (twice the amplitude) is about 0.016 calory, or nearly 
I per cent of the total mean radiation value. 

That the maxima do not come exactly at subdivisions of certain 
periods is perhaps due to the fact that the period of time used is short 
and the observations much interrupted, or it may be due to the fact 
that the lengths of the periods are fot exact, but oscillate around cer- 
tain mean values. The proper interpretation can only be determined 
by a longer series of observations, although the evidence at present 
seems in favor of the latter. 
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STUDIES OF PERIODS IN SOLAR RADIATION BY MEANS OF THE 
“ PHASOGRAM ” 


Owing to the difficulty of obtaining accurate means of the sub- 
multiples of such periods as 29, 34, etc., the necessary calculations 
were’ made to determine whether by means of a “ phasogram ” 
periodic changes could be found in the measures of solar radiations 
from the observations in Chile. Taking periods between 26 and 4o 
days the data for each day of the chosen period were placed in 
columns with the corresponding days under each other. Thus in 
a period of 26 days the Ist, 27th, 53d, etc. days were in the same 
column, while the 2d, 28th, 54th, etc., were in the succeeding.column. 
After arranging in this manner the means of fives were obtained 


tor each day of the period ; for example, in the first column the means | 


of the periods from I to 5, then from 2 to 6, 3 to 7, and so forth, The 
same was done for the second column and so on successively. When 
observations were missing the sum of those actually observed was 
taken and divided by the number present. 

In this way overlapping means of 5 were made for all the periods 
mentioned, using the same epoch for each, namely, January 1, 1919. 
Then the harmonic terms were computed for each successive period, 
and for each submultiple when the period could be divided by a whole 
number, as 2, 3, 4, 5, 7, 8,9. The results were plotted in “ phaso- 
grams” like that represented in figure 10. Lines were then drawn 
through these plots according to the rules given in describing this 
figure. From the slope of these lines the lengths of the periods 
indicated were computed. This method permits of no personal 
bias because it is impossible to know beforehand what the result 
will be. 

Hence it seems to me very strong evidence of the reality of the 
periods when so many of the plots gave almost identical results. 

Take for example the period of 18 days, it is shown by the plot 
of one-half of 26 days, of 30 days, of 32 days, of 34 days, of 36 days 
and of 40 days, and also by the plot of one-third of 36 days. Periods 
of about 11.3, 13.3 and 15.3 days were almost equally defined by 
mutually independent trial periods. Furthermore in the same period, 
as for example that of 36 days, the fractions of the periods such as 
the half, the third, etc., depended on entirely independent observa- 
tions, yet they rarely failed to fall along the same lines as those 
indicated by the first part of the period. 

Finally the plots indicate clearly that the periods continued 
in nearly the same phase throughout the year covered by the 
observations. 
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The results of the computations are given in table XVI for 
periods running from about 3 to 53 days. For the periods longer 
than 26 days the means cannot be considered as exact, owing to the 
small number of periods embraced in the time interval covered by 


the observations. The mean results are shown in the last columns 


(1) and (2) of table XVI. Comparing these with the periods indi- 


Taste XVI.—Solar Periods in Days Calculated From ‘‘Phasograms” of Trial Periods 
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cated by the plot in the lower part of figure 16, it is seen that the 
periods are almost identical. Comparing with the periods shown in 
the bottom part of table XII it might be that the periods 18.1, 23.7, 
26.9, and 33.6 of table XVI were the same periods as the 18.5, 25.3, 
26.8, and 32.4 in table XII, differing somewhat on account of diffi- 
culties of determining the lengths or to the fact of actual changes 
in the length of the periods. 


SUMMARY 


1. I think we may reasonably conclude from this research that 
there is an intimate relation between the abnormal changes in tem- 
perature in Buenos Aires and changes in solar radiation. 

2. Periodic or semi-periodic changes in solar radiation are reflected 
in similar periodic changes in the temperature of Buenos Aires. 

3. The means of the solar radiation following the largest observed 
values and of the coincident temperatures at Buenos Aires show the 
chief maxima at intervals of about 10.5 to 11 days. If this period be 
considered as one-third of a solar synodic rotation, it would place the 
cause of the increased radiation in the solar latitude of the promi- 
nences where the solar rotation period is about 31 to 35 days. If the 
period be one-fourth of a solar rotation, it would place the outbreaks 
in latitudes near the poles. 
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4. The means of the solar radiation values and of the temperature 
at Buenos Aires following minor maxima of radiation show periods 
of 6.5 and 13 days which are fractions of the solar rotation period 
near the equator. 

5. The periodic terms hence appear to be complex and variable, 
depending on the latitude in which outbreaks on the sun’s surface 
occur, and are rendered further complex at the earth’s surface by the 
seasonal changes, due to the movements of the sun north and south 
of the earth’s equator. However, the evidences furnished by the 
various lines of research indicate that there is a distinct tendency to 
form periods around certain lengths such as 3.5 to 3.7 days, 4.9 to 5.3, 
6.4 to 7.3, 8.5 to 9.1, 10.5 to 11.4, 13.0 to 14.5, 18 to 21, 26 to 27, 30 
to 34. These periods are either variable in length or else there are a 
number of periods near the same length varying rapidly in intensity. 
Thus the seven-day period varies in length from about 6.5 to 7.3 days, 
or else there are several periods having lengths of about 6.6, 6.8, and 
7.3 days. The shorter periods are considered as probable sub- 
multiples of periods having the length of a solar rotation. 

Changes in the length of the periods could be explained as arising 
from changes in the latitude of the solar outbreaks. However, as 
this hypothesis does not yet fully explain all the periods found, and 
especially the periods longer than 44 days, it is probable that there 
are other causes for the periodic terms, and solar rotation may be 
only a modifying cause. ; 

6. Studies of the sun’s surface in connection with these changes 
will be necessary for further progress, but already a considerable 
advance has been made by the studies of Abbot, Arctowski, and 
Huntington. Abbot has found that in the short period changes of 
solar radiation, the maximum values occur with minimum contrast in 
- brightness between the center and the edge of the sun (Smithsonian 
Misc. Coll., Vol. 66, No. 5, by C. G. Abbot, F. E. Fowle, and L. B. 
Aldrich). 

The lack of solar contrast may be interpreted as indicating an 
increase of heated matter brought to the surface by increased con- 
vectional overturning near the edges of the sun. As explained by 
Abbot, the greatest radiation comes from matter below the outer 
atmosphere of the sun. In this outer atmosphere, there is absorption 
of radiation under normal conditions which is greatest near the edges 
of the sun; hence, outbreaks of heated matter near the limb of the 
sun would increase the total radiation and diminish the contrast of 
brightness between the center and the edge of the sun. Outbreaks of 
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heated matter near the center would be less effective, because under 
normal conditions the radiation from the lower heated matter near 
the center of the sun is less intercepted and absorbed by the upper 
layers. 

This view appears to be confirmed by the research of Henrik 
Arctowski, who has found that the greatest magnetic disturbances at 
Greenwich and rainfall at Batavia occur when the solar activity as 
indicated by spottedness, is at a distance of a half-radius or more 
from the center of the sun (Monthly Weather Review, Nov., 1917, 
Vol. 45, pp. 538 to 539). 

Ellsworth Huntington also finds that the effect of solar influence 
on storminess in the North Atlantic is greatest when solar activity, 
as indicated by sun spots, is greatest on the edges of the sun east and 
west of the center (Monthly Weather Review, March, April, and 
June, 1918, Vol. 46, see especially figure 12, p. 174, April, 1918). 

If this view is true, it implies that outbreaks at solar latitudes 
exceeding 30° would be more effective than between 30° latitude 
and the equator. 

This condition appears to be indicated by the longer periods asso- 
ciated with the greatest values of solar radiation, because longer 
periods imply slower solar rotation such as is found in higher 
latitudes. 

7. For nearly a year, numerical and graphical analyses like those 
shown in figure 5 have been made of the solar variations and of the 
variations of temperature at 20 selected stations well distributed over 
Argentina, Chile, and Brazil. This analysis shows that each varia- 
tion in solar radiation has been followed by similar variations of tem- 
perature in South America, with a few exceptions which may easily 
have resulted from errors in the measurements of solar radiation. 
These waves are in general most accentuated at the southern stations 
and in Central Brazil; furthermore, their forms and intensities are 
modified by local causes; but the closeness of their connection with 
the solar waves seems as evident at the other stations as at Buenos 
Aires, except for different intensities and different intervals of lag, 
the waves being in general somewhat later at the northern stations of 
Argentina than at the southern. But in this respect there appears to be 
a difference between the longer and the shorter waves. 

The research previously mentioned (Smithsonian Misc. Coll., Vol. 
68, No. 3), in which were used the temperatures of 1913 for stations 
scattered all over the world, indicates that this relation of tempera- 
ture to solar radiation is generally true. At Buenos Aires, the ratio 
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of temperature change to solar change at the time of greatest solar 
activity was found from the averages of several years to be 1.4° C. 
for each change of I per cent in solar radiation, the mean solar values 
being derived mostly from the observations at Mt. Wilson, Cali- 
fornia. Since the extreme solar values range about 6 per cent on 
either side of the mean, there might result departures from the 
normal at Buenos Aires from this cause of about 8.5° C. The 
extreme departure from the normal observed at Buenos Aires during 
the past 13 years has been about 11.5°C. It should be remembered, 
however, (1) that the solar measurements are much interrupted and 
cover only a part of the period, while the temperature observations 
are continuous; (2) that any error in the solar measurements would 
tend to lower the correlation ratio which might be 1.9° C. instead of 
1.4° C., if there were no such errors. 

8. Using the “ regression coefficients” derived from the data col- 
lected for 1913, computations were made of the changes of tempera- 
ture for 1 per cent change in solar radiation. The results are given 
in table XVII and show that in the tropical regions the ratio of tem- 
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perature change for 1 per cent change of solar radiation is slightly 
less than the 0.7° C., the value estimated from theoretical considera- 
tions by Dr. Abbot (Scientific Monthly, Vol. 5, No. 4, Nov., 1917). 

The correlation ratio for Buenos Aires is that determined from 
the unsmoothed mean of several years at sun-spot maxima. The 
temperature changes for I per cent change of solar radiation given in 
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table XVII show that the change ranges from about 0.2 C. to about 
0.8° C. in the tropics ; while in the temperate zones, where the tem- 
perature variations are more controlled by wind variation than by 
direct solar radiation, the ratio of change exceeds 1.0° C. and at some 
stations 2.0° C. 

g. The results of these researches have led me to believe (1) that 
if there were no variation in solar radiation the atmospheric motions 
would establish a stable system with exchanges of air between equator 
and pole and between ocean and land in which the only variations 
would be daily and annual changes set in operation by the relative 
motions of the earth and sun; (2) the existing abnormal changes 
which we call weather have their origin chiefly, if not entirely, in the 
variation of solar radiation. 


AP PEIN DEX 


REPORT ON THE USE OF SOLAR RADIATION VALUES IN 
FORECASTING THE WEATHER OF ARGENTINA 


Prof. G. O. Wiggin, Director of the Argentine Weather Service. 

Dear Sir, In compliance with your request I herewith submit a report on 
the effort made in the forecast department to use the observation of variations 
in solar radiation in improving the weather forecasts of this service. 

These measurements after being freed from atmospheric influences show 
that the heat emitted by the sun is variable, and when the publications of the 
Smithsonian Institution reached this office a study was made of a possible 
connection between these solar variations and variations in the weather of 
Argentina and of other parts of the world. This study was published in the 
Boletin Mensual of June, 1916, and in Publication 2446 of the Smithsonian 
Institution. 

’ This study and others not yet published indicated a relation between solar 
changes and the weather in different parts of the world and suggested the 
usefulness of such solar measurements as an aid in weather forecasting. 

In July 1918 a station for solar measurements was established in Chile by the 
Smithsonian Institution and application was made to the Director of the Astro- 
physical Observatory for the use of these values by the Oficina Meteorologica 
Argentina. This being granted, the observations were at first transmitted by 
mail and later by cable. 

This was made possible by the kindness of the Central and South American 
Telegraph Co., through the local manager, Mr. Hussey, and by the enthusi- 
astic co-operation of Mr. A. F. Moore of the Solar Observatory and his 
assistant, Mr. L. H. Abbot, who undertook the arduous work of reducing the 
observations day by day. This task they have accomplished without a break 
when observations were possible. The first telegraphic transmission was 
received on December 23, 1918. 

The use of the data for forecasting began, however, early in December from 
the reports by mail, and has been continued since in so far as the data. permit. 
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I submit herewith a plot of the solar observations and of the daily means 
of temperature in Buenos Aires during the interval covered by the forecasts 
Gigs 17): 

It will be seen that the solar observations are very much interrupted by 
adverse atmospheric conditions, but notwithstanding this, it is evident that 
every high value of solar radiation during the past summer has been followed 
some three to four days later by high temperatures in Buenos Aires. Compare 
the high solar values of December 4 to 7 with the high temperatures in Buenos 
Aires from December 7 to 10, the high solar value of December 21 with the 
temperature of December 25 to 26, the high value of January 3 with the tem- 
perature of January 5 to 7, and the high values of January 18 with the temper- 
atures of January 21 to 22. 

In February and March there was a series of more rapid and smaller oscil- 
lations which were all reflected in changes of temperature in Buenos Aires, 
as will be seen by comparing the two lower curves in the diagram. The solar 
maxima marked c, d, e, f, g, and h, all show corresponding maxima of temper- 
ature. On the 20th the rise was interfered with by local conditions. The 
probable general course on that and two succeeding days is indicated by a 
dotted line. As the temperature at Buenos Aires oscillates synchronously with 
the temperature changes over all of Central Argentina, a plot of the mean 
temperature of that region would not differ greatly from that of Buenos 
Aires. 

The solar values are received on the day following the observations, so there 
still remain two and one-half days of anticipation of the changes of weather 
in Central Argentina. 

Perhaps more important than that of temperature is the aid given by solar 
observations in anticipating rainfall. A dimunition of the temperature of the 
air gives rise to rain by condensing the moisture of the air, while a rise of 
temperature is generally attended by fine weather. Hence, since a decrease of 
solar radiation is followed by a fall of temperature in Central Argentina 
three to four days later, it is also followed by rain at about the same interval. 
The decrease of solar radiation on December 5 to 6 was followed by rain in 
eastern Argentina on the oth to 10th, and the marked decrease on December 7 
to 8 was followed by general and heavy rain on December 11 to 12. After this 
date the solar record was broken until January. There was a marked decrease 
of solar radiation between January 3 and 6, and this was followed by general 
and heavy rains between January 7 and 10. The next marked solar decrease on 
January It to 12 was followed by rains on the 15th to 16th and the marked 
decrease between January 18 and 24 was followed by heavy rains between 
January 23 and 26. In the same way the marked decreases on February 9 to 
10, 14 to 15, 17 to 18, 25 to 26, were followed in each case by heavy rains 
three to five days later. As the solar record is complete day by day from 
February 6 to 10, this interval was selected for illustrating with maps the 
areas of rain following decreases of solar radiation. Rainfall maps for each 
day from February 17 to 21 are shown at the end of this paper. The maps in 
each case are made for 8 A. M. of the date given on the chart and show the 
rainfall for the preceding 24 hours. In the average, the rainfall follows the 
solar decrease after about three days in southern Buenos Aires and the Pampa, 
after about four days in northern Buenos Aires, Entre Rios, Santa Fé, Cordoba 
and San Luis, and after about five days from Corrientes to Tucuman. 
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Taking important individual cities and averaging the rainfalls per day 
succeeding the day of changes in solar radiation, the following results were 
obtained for the three summer months, December, January, and February: 


Average daily rainfall in mm. 


Sea in 3 to 4 days later | 5 days later 


Mande Barros Cordoba Parana | Corrientes| Tucuman 
+0.050 to +0.070 O 9 3 (a) 2 2 
+0.030 to +0.050 (0) O (0) (0) oO 2 
+o.010 to +0.030 6 6 fe) fo) 2 6 
—0.010 to —0.030 O 2 5 5 I 10 
—0.030 to —0.050 8 II Ae 3 8 14 
—0.050 to —0.070 A 7 2 15 17 12 


The values in the first column show how much higher the solar values were 
on any selected day than on the preceding day, and the remaining columns 
show the average daily rainfalls following from three to five days later. 
These averages were derived from the monthly reports from the cities named. 

After very marked rises of solar radiations 0.050 to 0.070, there was some 
rainfall at certain places probably because a very marked rise usually followed 
on the succeeding day by a marked fall. After more moderate rises of from 
0.030 to 0.050, there was practically no rain. After decreases of solar radiation 
rainfall was general and at the northern stations increased in intensity with 
increasing intensity of the solar changes. 

In the winter half year relation to the solar changes is a different one. 

At that time the sun is vertical over the land surfaces of the northern hemis- 
phere where the pressure generally falls with increasing solar radiation and the 
air overflows to the southern continents. At any rate increases of solar 
intensity between April and October are followed three to five days later by 
rises of pressure and cooler weather in Argentina. 

There are certain periodic changes accompanying these solar changes which 
are now the subject of much study in this office. These studies, it is believed, 
will permit the prediction of the weather with a fair degree of accuracy for 
much longer intervals in advance than three days and may perhaps extend 
them to weeks or years. 

The solar data as now received is of aid in day to day forecasting, but it will 
be seen from the curves that even in the dry climate of northern Chile, where 
the solar observations are now made, there are very frequent breaks in the 
observations due to the unfavorable state of the atmosphere, and if these 
observations are to fulfill the great promise of usefulness which the past 
summer’s experience leads me to look forward to with confidence, then we 
must have complete records. 

These, in my opinion, can be obtained only by the establishment of more than 
one solar observatory devoted to this class of work. It would be a matter of 
congratulation if Argentina could establish at least one such observatory and 
if others could be established elsewhere, between which reports might be 
exchanged. 
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Already the Brazilian service has begun to show an interest in the solar 
observations and has requested their transmission from Chile. 

The ideal arrangement for this solar work would be to carry it on in 
co-operation with the Smithsonian Astrophysical Observatory. If the work at 
several widely separated observatories could be directed by one capable 
institution, so that the methods could be uniform and the results comparable, 
and then if it could be collected and weighted at the central office before cabling 
to the various weather services of the world, probably a complete and reliable 
day to day record of the solar changes could be obtained which would be of 
the greatest value to practical meteorology. If the Smithsonian Institution is 
unable or unwilling to do this work, then it is hoped that observatories will 
be established by :several countries and some direct method of exchange 
instituted. 

: H. H. Ciayton. 

Buenos Aires, April 5, 1919. 
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Uist Eab GEE NE SSeOrs VE SKY 
By A. F. MOORE anp L. H. ABBOT 


INTRODUCTION 


It was planned to send an expedition from the Smithsonian Insti- 
tution to Argentina or Chile in the early summer of 1917, for the 
purpose of making daily observations on the solar constant of radia- 
tion similar to those which have been made for fourteen summers 
past at the station of the Smithsonian Astrophysical Observatory on 
Mt. Wilson, California. Accordingly, much of the apparatus was 
boxed ready for shipment to Chile early in 1917. Owing to war 
conditions, however, it was thought best to defer sending the expedi- 
tion to a foreign country, and a location was selected on the slope 
of Hump Mountain, near Elk Park, North Carolina. 

From all available reports, this locality, it was thought, might 
be expected to furnish two hundred clear days per year. It was 
selected because of this fact, and also because it had a sufficient 
elevation, was at a great distance from Mt. Wilson (insuring dif- 
ferent local weather conditions at the two stations), and because of 
its easy access. 

Bolometric observations were begun at Hump Mountain on June 
17, 1917. But it soon became evident that there was too much 
cloudiness and rainfall to render it suitable for a permanent solar 
constant station. However, the expedition possessed an instrument 
for which the varying conditions of Hump Mountain were just suited, 
this instrument being the pyranometer, recently perfected at the 
Smithsonian Astrophysical Observatory, and described in detail in 
two former publications of the Institution (Smithsonian Miscel- 
laneous Collections, Vol. 66, Nos. 7 and 11). Accordingly, a con- 
siderable amount of work was done with the pyranometer during 
the expedition’s stay at Hump Mountain, which lasted until April, 
1918, when it prepared to go to Chile. 

The present paper is a description of these various lines of obser- 
vation. It is thought best not to burden the reader with the many 
pages of observations which were taken, therefore an effort will 
be made to condense as much as possible without omitting important 
details. 
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STATION AND APPARATUS 


The station was located at an elevation of 4,800 feet above sea 
level, on the eastern slope of Hump Mountain. The very heavy 
winds prevailing at certain seasons made it impossible to select a 
site near the summit, which rises to an altitude of about 5,500 feet. 
The latitude was 36° 08’ N. and longitude 82° o’ W. 

Most of the sky radiation observations were made with the instru- 
ment resting on a level platform erected on the roof of the obser- 
vatory, in order to eliminate the building as an obstruction. Being 
located below the summit of the mountain, a certain small per- 
centage of the sky was cut off, but this was accurately measured by 
means of a theodolite and found to be 5.1 per cent of the total hemi- 
sphere. The mountain cut off an angle of 13.0° measured vertically 
at its highest point. 

The galvanometer, ammeter, resistances and battery were located 
in the room beneath, the first two mentioned being mounted on a 
pier made of large boxes filled with stones. 

A brief description of the pyranometer and the auxiliary apparatus 
may be of interest here. The pyranometer consists essentially of 
two blackened strips of manganin of exactly the same horizontal 
dimensions, but one strip about ten times as thick as the other. 
These strips, which are exposed to an entire hemisphere of radia- 
tion, are insulated and carefully soldered to copper blocks at each 
end. Very sensitive tellurium-platinum thermo-elements are joined 
in series with each other and are set across and underneath the two 
strips and separated from them by thin waxed paper. The thermo- 
element leads pass to the galvanometer, but for convenience in 
obtaining suitable deflections, three different resistance combinations 
are included in series. The manganin strips attached to the copper 
bars are connected in parallel, but with proper resistances included, 
so that the heating current applied divides in exactly the proper 
proportion to cause the same heating effect in both strips. When 
the shutter is opened to admit radiation, since the blackened strips 
have the same horizontal dimensions, the same quantity of heat is 
imparted to each, but the thicker strip conducts its heat to the ends 
the more readily and so a difference in temperature at the thermo- 
elements produces an electric current which deflects the galva- 
nometer. When the shutter is closed a current is sent through the 
strips, so as to cause about an equal deflection of the galvanometer 
thus indicating a heating effect equal to that produced by the radia- 


tion. This current is measured in a carefully calibrated milli-am-. 
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meter, and from the ratio of the, nearly equal deflections (first 
swings) and the known current and the constant of the instrument 
the calories per square centimeter per minute striking the strips as 
radiation, can be readily computed by the following formula: 


d.. 
Calories= K i C2 
c 


where K=constant of the instrument, d, and d,=deflections of 
galvanometer produced by the radiation and current respectively, 
and c=current corrected by the calibration curve of the milli- 
ammeter. 

For work in day time, a hollow hemispherical screen of ultra- 
violet crown glass is placed over the strips to prevent the exchange 
of long wave length radiation between the strips and the sky. That 
this admits practically all solar wave lengths of any importance will 
be shown later in the paper. The transmission of this screen is 
about 0.92 but the instrument is calibrated with it over the strips 
so the value of K presupposes its use. 

For day work the instrument can be used in four ways, when it is 
in a horizontal position: (1) with no shade of any kind, to measure 
total sky radiation, or if the sun be present, total sun and sky radia- 
tion; (2) a small circular polished metal screen can be interposed to 
shade the strips from the sun but allowing the sky radiation to 
strike the strips; (3) zones of metal, shading various sections of 
the sky can also be used; (4) an enclosing hood can be slipped on 
which admits only solar radiation when its small shutter is opened. 
This hood and also the shade mentioned in (2) may be adjusted to 
follow the sun. - 

To determine the value of K, the instrument is used carefully 
leveled with the hood mentioned in (4) upon it. A series of observa- 
tions is then taken on the sun, simultaneously with readings of a 
pyrheliometer, or preferably a pair of pyrheliometers. A set of 
observations of the altitude of the sun, or of time, are kept, in order 
to construct an air-mass-time curve. “ Air mass” is approximately 
the secant of the zenith distance, but if taken by the altitude method, 
the refraction correction must be included. Since the pyranometer 
strips lie in a horizontal position, while’ the pyrheliometer points 
directly at the sun, the air mass is a factor in the formula for obtain- 
ing the constant K, which is as follows: 

K= pytheliometer_ calories 
c?/deXd;X air mass 
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where c, d; and d, are the same‘as used before. qd, Should be prac-. 
Cc 


tically constant and an average of all the values of this quantity is 
used. 


In order to show the good agreement of values of A obtained by 
this method a set of observations will be included. 


Hump Mountain, Aucust 26, 1919 


| | | 
| | Cc i , Pyrhe 
Hour angle | Zero | eee wee ae tion = a eat us 
| ories 
- | | Ir 7 | 
2/152 205) | TOF | LOBOS 4 TA nOS. || Vaenee) ll Caevers reas eee 1.413| 1.462 | 2.093 
51 T1071) DS A2) 13 AGy OO) GOAAu le OS GO ersten ines eee 
50 PT LOPE (HOTT EAN MO lee mesa [pies creel esetnnee cs 1.404 1.460 | 2.090 
49 E5OO)//TO/13) | T4007 1 77 TON SOG4 54 O85 1C Mi rede PETER Peers cl 
48 TO TORT uM Aca? slate letea ene eat Pa 1.396] 1.448 | 2.072 
47 1.96 | 16.13) | 14.07" | .7IO’ | .9945'| 03516 20. o arene oe : 
46 | PeiO4: | nO Zou? s aA ASPs ke «ee | Oat vetoes Desde eae 1.387 | 1.445 | 2.0547 
45 | 1-95 | 16.18 | 14.23 (| 711: | 9945 || .03513 | e-2-4) cc olan een 
44 HOG MCCS OO AALAE aos sf ade ilo co oaie 1.379| 1.457 | 2.083 
43 1:95,| 16.95 »| 15.000 ||) 732). .@040)| 103534) \sn-5) aes eee eee 
42 TAOS |LOG: MIMUAMS Or alleeitcy, haere earn | 1.371 | 1.462 | 2.087 
41 [eROV, | Wa) ile) BG Aiey || QOOUIS || SOIL jf oodsn | seooc |) eacs- 
40 PESOA MO) IOs | occa eodsa | oscore 1.363 | 1.465 | 2.092 
30 | 1.93| 16.87 | 14.94 | .725 | .9946| .03480 |..:.2)) 2-50 uieeee 
38 PT OF TOROS NTA 2e Ns veces een eye ieee: 1.350] 1.469 | 2.009 
37 1.92) 16.79 || 14287 | 3723)". 9046 | 203473) a5 fa hee 
36 ELON HO ZOL MN WARIO Weare |} aco) | bones: 1.348] 1.469 | 2.100 
35 | .02)| 16.50: | 14058) | 2727? | (9946'| :@358O 01250 seen ee 
34 LAGT Ge 72) | ASST ees taetee epee 1.341] 1.461 | 2.007 
33 | 1.00.1 16.72 | 14.82) 722 || -9040)| 03480: |) he aeian eee 
32 ) 2 OS L700. | eG anT 2h Cae\ey lyceaicen eee reer 1.333 | 1.468 | 2.076 
31 |1.89/ 16.40 | 14.51 | .718 | <OO45 | :03514\ >| 227 20.) eee eee 
30 Wadisterosd RGAO.o)s sii Ros I eiao oF [eseaeiais lea oto | 1.326] 1.460 | 2.069 
2 | 1.89 | 20.00 | 18.81 | .800? | .9948 | .03367? | Re ee os 3 
28 | 1.89) Toit | R22 ney alla sue io 386 o 1.321 | 1.471 | 2.086 
Zi T.O8 (19.30 | 17539, |*.786 | -0048 035 10/0)\\e ere ee eee eee 
26 | 2.08 |) 17.2 Tsee8 Ser ase ee | onde nce 1.313 | 1.465 | 2.074 
25 1.91 | 17.08 | 15.17 722° | (OO46)| FOSAO4. 1 3 See en | eran eee 
24 PeChol ni eseue Nica} Troe en qeoas bana oe 1.306] 1.465 | 2.071 
23 | E-O2)) 17 OL Sts) GON ZA5, \PXOO471 03500) se seen lee eee 
22 Lr.On | 17.50 | 15.50) Hie AS SE Pe 1.301 | 1.468 | 2.064 
21 1.92|17:51 | 15.59 | -743° || -0047,| 03504) |/ 2) cls | ieee 
20 Pere || HAC PUGS Nooge 4 | us od name ee 1.204 | 1.474 | 2.083 . 
19 | 1-93 | 17 3815-450 |/7401 0040) 03500) yane in| eee eee 
‘ | Mean a = | .03508 Mean = | 2.083 | 


In obtaining the means the values at — 2: 46: 15, —2: 35:15 and — 2:29: 15 
were omitted, as the readings were questionable. 


Calibrations were made every few weeks, and up to December 20, 
1917, the value of K was always found to be about 2.08. The instru- 
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ment was taken to Washington the latter part of December to have 
an overhauling, and after that the constant was either 2.11 or 2.12. 
But it plainly shows that the constant does not vary appreciably, if 
the instrument has reasonable care. The slight change in Decem- 
ber was probably caused by the blackening of the surfaces of the 
manganin strips being altered a very little. 


SENSITIVENESS OF PYRANOMETER 

In March, 1918, at the Hump Mountain Observatory an investi- 
gation was made of the sensitiveness of the pyranometer to different 
wave lengths. To do this, the regular bolometric apparatus was 
employed, except that in place of the bolometer and battery, the 
pyranometer was used to measure the heat of the various parts of 
the spectrum, and its indications were recorded as on a regular 
bolographic plate. The thermo-elements were joined directly to the 
very sensitive galvanometer, used in bolographic work. (As a 
matter of precaution shunts were first put in the circuit to prevent 
any possible injury to the galvanometer.) A circular piece of black 
paper with a slit 0.40 mm. wide, and cut just to fit within the glass 
hemisphere, was placed over the blackened strips and at right angles 
to them. Then the glass hemisphere was placed in position. Out- 
side of this was placed a black metal diaphragm, and finally the 
sun hood mentioned above under (4). Thus there was practically 
no chance for stray radiation to reach the strips, especially since 
all the apparatus was installed in a dark room with black paper lined 
walls. 

A brief description of the remainder of the spectrobolometric 
apparatus employed for this test will be given. The sun’s rays 
strike a two-mirror coelostat and are reflected into the build- 
ing, first passing through the revolving sector to cut down the 
intensity of radiation in a fixed and known ratio. Then they pass 
through the slit, and about eight feet distant, through the prism. 
The spectrum is reflected by a plane speculum metal mirror on to 
a concave speculum mirror, which brings the spectrum to a focus 
at the plane of the pyranometer strips. (The strips lie in a vertical 
plane in this observation, with their longitudinal direction horizontal, 
and crossed at the center by the paper slit, which allows only rays 
of nearly the same wave length to strike the strips at one time.) 
The spectrum is moved across the paper slit, when the prism is 
rotated by a worm gearing. This gearing is connected to the plate 
carrier clock in such a manner that as the photographic plate descends 
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the prism is slowly rotated, causing the spectrum to advance from 
infra-red toward ultra-violet across the blackened strips. The 
thermo-couple of the pyranometer causes the galvanometer needle 
to deflect, and this reflects a beam from an auxiliary source on 
to the photographic plate so that the spot deflection is at right 
angles to the direction of motion of the plate, thus automatically 
tracing an energy curve on the plate. 

The observations were made from about wave length 2.2» in the 
infra-red, to 0.33 in the ultra-violet. Three curves were run on 
the plate, the first two being with the pyranometer, and the third 
with the regular bolometer. During the first curve the spectroscope 
slit was opened 1.37 mm., during the second 2.85 mm. and during the 
regular bolograph 0.35 mm. The time of run was 7m.,20s. Sectors 
were changed at four places in the run in order to give a good 
deflection and not allow the curve to leave the plate. The last 
section in the ultra-violet was run with full intensity of solar beam. 

Of course it could not be expected that much definition could 
be obtained with a slit of such width, but an examination of the 
plate will show that the various wave lengths are recorded in about 
their true magnitude, through practically the entire range of the 
spectrum where there is an appreciable amount of energy. It also 
shows that the glass hemisphere employed transmits these waves © 
in about their true relation. By making due allowance for sector, 
slit widths, and width and height of paper diaphragm as compared 
with the bolometer and corresponding deflections for equal wave . 
lengths on the plates, it is seen that the pyranometer is approximately 
one-fourth as sensitive as the bolometer. 


SKY RADIATION MEASUREMENTS 


Practically all pyranometer observations made at Hump Mountain 
were taken with the instrument resting on the roof platform— 
as heretofore mentioned. As stated before, there was approximately 
5.1 per cent of the total area of the hemsiphere cut off by the hill to 
the west, but as this all lies next to the horizon from whence the 
rays strike the pyranometer strips at a very unfavorable angle, and 
since as will be shown later, the hill itself offers radiation to help 
offset that cut off from the sky, it is perhaps well within the general 
accuracy of the results to ignore the hill entirely. 
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Observations on clear skies—The major portion of the observa- 
tions on the entire hemisphere of clear skies was made in connection 
with auxiliary curves to investigate the sky radiation during bolo- 
graphs. These were run quite regularly with bolographs from 
August 18, 1917, to November 26, 1917. They were originally 
intended to offer a means of obtaining a very close approximation 
to the solar constant by constructing an empirical curve showing the 
relation between intensity of sky radiation, and the ratio of the true 
solar constant to the apparent value obtained by exterpolating the 
pyrheliometer values to zero air mass. Such a curve was found 
to be quite erratic and of no value for solar constant work, but the 
results obtained are quite interesting in themselves and a résumé 
will be given here. 

‘Twenty-eight sets of observations were taken in all. In each of 
these the total sky calories (exclusive of the sun) were obtained at 
known air masses. Plots were made betwen sky calories and air 
masses, and similar plots between solar calories and air masses as 
obtained by the pyrheliometer. The areas underneath these respec- 
tive curves were read between the limits of the air masses obtain- 
ing during the course of the bolograph. The ratio of these areas 
was plotted against the ratio of true to apparent solar constant. 
As stated above this investigation did not prove useful for solar 
constant determination. 

The main interest attaching to these observations in the present 
discussion has to do with the general intensity of sky radiation and 
the effect of the altitude or air mass of the sun on the same. To 
best show the results obtained by these observations a table has been 
prepared giving the air mass (M) dnd zenith distance (Z) of the 
sun at a certain chosen point in each bolograph, the sky calories (H) 
at this air mass, the solar calories (S), the sum of solar and sky 
radiation on a horizontal surface, the ratio of solar radiation to sky 
radiation, and a general description of the character of weather pre- 
vailing during the bolographs. The column headed “ Pyrh.” gives 
the solar calories measured on a surface at right angles to the path 
of the beam, while S is the same reduced to a horizontal surface, or 


S=—z,— The units in H, Pyrh., and S are calories per sq. cm. 


per min. 
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NO. 4 THE BRIGHTNESS OF THE SKY 


MOORE AND ABBOT ene 


If the logarithm of H be plotted against air mass in the six obser- 
vations for each day, it will nearly always occur that the points for 
I, II, III, and IV will be practically in a straight line, while ’ and VJ 
will be somewhat higher than the line, 7 being considerably higher 
than Y. There is no theoretical reason why this relation should hold 
exactly, but its approximate indications may prove convenient to 
the reader. The divergence of the two later observations may be 
partially due to two causes. (1) An increase of water vapor in 
the air late in the morning with attendant increase in haziness causes 
decrease of the intensity of direct sun light and increase of the in- 
tensity of scattered sky light. (2) Sky light is much stronger 
proportionately in the shorter wave lengths than sun light. The 
longer wave lengths have a very much higher transmission coefficient 
than the shorter ones—or in other words, the shorter ones increase 
much more rapidly with a decrease of air mass than the longer 
ones. Thus the sky light may tend to increase faster than the direct 


sun light at high sun. 
ES ee 


IG, 


The table shows that haze has a very marked effect in increasing 
sky radiation, and to a somewhat lesser extent in decreasing the 
solar radiation. 

Sky radiation by zones.—In order to investigate the proportion of 
the sky radiation falling on a horizontal surface from various sec- 
tions of the sky, two kinds of observations were made: (1) with 
thimbles placed over the pyranometer glass so as to divide the hemi- 
sphere into zones each 30° in width, and (2) with the thimble ad- 
mitting a 60° cone of light, measuring the intensity of the ring con- 
centric with the sun, and comparing it with cones of equal size and 
altitude, and located in azimuth 60°, 120°, 180°, respectively, from 
the sun, starting toward the east. 

First will be discussed the horizontal zones, giving the theoretical 
intensity for an equal sky, and then the experimental results obtained 
under varying conditions. 
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Let O be taken as the point of observation. 

Then the radius of the elementary zone=r cos 6, the circumfer- 
ence of the elementary zone=2zr cos 0, the width of the elementary 
zone=r dé, and the area of the elementary zone=2zr? cos 6 d6. Call 
the horizontal intensity at the center O due to elementary zone=d/. 

Then dl=2zr’ cos 6 sind dé. 

I=J2mr’ cos 6 sind dé. 
=r? sin? 0, 

(1) For the entire hemisphere (a, and a, in observations which 

follow) 17? =r’. 

(2) From horizon to 30° altitude: 77/° =40r?. 

(3) From horizon to 60° altitude: /7/8=$nr?. 

Hence in a sky in which every point sends radiation of equal in- 
tensity toward the point of observation the following intensities 
from the various 30° zones would be obtained in a horizontal sur- 
face at the point of observation. 


For upper 60° zone (dD) p= takes 
For upper 30° zone (c) I,=1—#=4. 


In the following observations the values gotten with an entire 
hemisphere are called “a,” those with the upper 60° open to radia- 
tion “ b,” and those with upper 30° open to radiation “c.” 

Call the horizontal intensity from the horizontal zones themselves 
x,y, and 2, as shown in figure 2. 


Then a=x%+y+2 


b=y+2 
C=. 
or x=a—b 
y=b—c 
2= 6. 
In “equal sky” #=4a. 
y=4a. 
g=ta. 


NO. 4. THE BRIGHTNESS OF THE SKY—MOORE AND ABBOT 5 


A sample set of observations will be given, followed by a table: 
giving the results of all the zone observations taken. Usually the 
observations were begun with a full sky (a,), then with the upper 
60° (b), then the upper 30° (c), and finally another set with full 
sky (a,). Since the sky radiation is continually changing, even with 
a clear sky, an average was taken of a, and a, when comparing with 
bandc. Several readings were taken at each position, these read- 
ings usually being one minute apart with a current compensation 
measurement on each of the half minutes. The glass hemisphere 
was used in all zone work. 

The following set was taken on November 17, 1917, at Hump 
Mountain on a very clear sky but with some haze in the valley and 
along the horizon. 


Am | 
; meter Solar | 
oe OSs eee | Cateres | a es 
factor | 
(a3) | 
=i) S50) SSO] Algol) || Gout If) 210) |) Beene) coos eter OGG i) 22050) 20 15) 
AO. || (Gots || BI) | oils | Boos .01583 Sits a 
49 Ae eo i Oa4Ou te 2nenlacusnde Al. cats Su: G703)\ | 2.0% | 2G" 23° 
A530) Os40 0) Aemh | 185 |...) .O1575 Re EO ial ieee 
48 Hes MGA) |) Ag itis?|| tole wll oie e ee 0699 | 2.03 | 20° 30’ 
4.23 | 6.31 | 2.08 | .184 |.9856 -O1581 whieh ate 
Armee Are Tt Op Gwe Teh ae re, 08 ale tay et: 0699 | 2:02 | 20° 45' 
| 4.05 | 6.13 | 2.08 | .184 |.9856 .O1581 ay ere 
| Mean _ .0699 
(b) | 
li MUISCIo| ALT ||) Gait || atests) | aie: lo ees vn O457, | 2.0% |2or 53° 
ALOW) | 5-40 |) age |). 147, .01592 Ai de 
43 4.08 | 5.48 | 1.40 445°) + 0464 | 2.01 | 29° 53’ 
Agi) || Fea || 1162 148 O1614 ¥ bg ee 
42 4.12 | 5.53 | 1-41 Be 2 0467 | 2.00 | 30° 00’ 
A: I2 | 5440) | 1:37 148 | 01555 Says Haas ayaa 
41 4.29 | 5.67 | 1.38 neg 0457 | 2.00 | 30° 00’ 
Asso) | 5.62) 1432 148 | .O1614 Sit, ere 
40 4.39 | 5.79 | I-40 23g | 0464 | 2.00 | 30° 00’ 
Abas) eses i 1o32 |) As | | .01614 pera | 
Mean .0462 
(c) 
—I :37 :30| 4.18 | 4.61 | 0.43 ye OMe | E.08 (30% 15, 
4.18 | 4.64 | 0.46 | .089 O1717 siete Baie 
36 4.10 | 4.61 | 0.51 eens 0169 | 1.97 | 30° 30 
4.27 |'4.81 | 0.54 | .089 01463 1a ee 
is Ae SOW ARTS WO cA Sil cn) ccs. ORMOW EO 730m 30) 
4.20 | 4.68 | 0.48 | .089 | 01646 ares ane 
34 4.00 | 4.48 | 0.48 5 eee OL50) | 1.96 | 30° 45, 
3.92 | 4.40 | 0.48 | .089 | 01646 See We: 
33 BeO2nlWAn20u | ONA zai tion O156 | L.96 | 30° 45, 
Bosnia asenOnso _ -090 O1616 Bee Srbisia 
| | | 
| Mean .0155 
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Am- 
Wands AN _ | meter 2 = ‘ Solar 
gic | Zero | Rea | Pabe |current| cor | ¢'/d | Calories |’ air | sittage 
factor 
(ae) 
==1725 630] 737081 ORO ame ie ke Seer tees bon a 0723 | 1-04 | 31- 007 
Ay foe Gow! || Bows |r aise 6 ea SONOTON | aeee Rie: 
24 SOs [AOR BoO Paine Goll eabec cia 0603) | L.Ogtieslemmss 
A | (oO) || 2540. |) 51K. a oo -O1551 stale alia brs 
23 BROT AOE isa 2 aeons Meni spas 0732) | ¥.03) uot ee 
BeGS|(0.20) |) 2e220l TOON. eee -O1579 fa8 
22 BxOOT FOTO" Ueto ue sent rnin fies 0716 | 1)02°|'Sreeeg 
MoO }} (oAG) | 2o2s) |) uC |) Bb oAc -01538 stentis BA 2 Sa 
21 TigeALo} PRN eee (0 pl ATTEN UE allele cee Matar .0690° | T1922 giaeean 
AO |) Oa |) 2.25} | CO) | o.050 -01572 Dios stant seloes 
Mean c?/d (all) .o1593 Mean .0713 


SUMMary. 
__atas .0699+.0713 _ True 
Wah iB 2 week % Equal 
b= .0462 0244 
c= .0155 4 01765 7 138-3 
1x =a—b= .0244 0307 
) = 0 — 6 == .0307 Dees = 87.0 
2=¢= .O155 a 
In “equal sky.” pe eeaiel Janene 
q Yj 2" O65 87.8 


%=1/4 a= .01765 
—1/2@— 0353 | 
2 — 1 fa —-On7o5 : 


In the following table will be found the results obtained in the 
same manner as above for all the zone observations taken at Hump 
Mountain and a few taken at Calama, Chile. The latter station is 
located on the Atacama Desert in northern Chile at an elevation 
of 2,250 meters above sea level. The air in Calama is far dryer 
than on Hump Mountain but being on a large expanse of desert 
where rain scarcely ever falls, dust is of course more prevalent. 
There is in addition a sort of perpetual haze, which may have an 
origin in distant volcanoes of the Andes range. 
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By omitting the two fog observations (Oct. 8 and Feb. 2) and 
taking a general average of the twenty-four remaining Hump Moun- 
tain observations, the following values are obtained: +=151.5 per 
cent, y=89.5 per cent, and z=69.7 per cent, or approximately 
4%=150 per cent, y=90 per cent, and 2=7o per Cent. In) Calamiay 
omitting the observations of July 21 and October 28, which differ 
much from the others, the averages of the five remaining values 
are =149.5 per cent, y=85.2 per cent, and z=80.2 per cent. Thus 
it appears that in clear or somewhat hazy skies the radiation actually 
received on a horizontal surface, as compared with what would be 
received on a horizontal surface from an “‘ equal” sky, shows the 
following percentages. First. 30° zone above the horizon 150 per 
cent. Middle 30° zone 85 per cent to 90 per cent. Upper 30° zone 
70 per cent to 80 per cent. From the two sets of observations taken 
in low and apparently even fog at Hump Mountain it appears that 
the middle zone has about a normal percentage but that the upper 
zone is much increased and the lower zone correspondingly decreased. 
This might be expected, however, since the fog particles are so dense 
in a horizontal line, while vertically the thickness is much less, and 
more radiation finds its way through the fog. The above ratios 
are undoubtedly affected very considerably by the sun’s being in a 
particular zone at the time of observation, as will be shown under 
the discussions of the observations taken at different azimuths. 

While the above ratios hold for the total amount of radiation re- 
ceived from the three 30° zones, it must not be inferred that equal 
areas of these zones in the various azimuths of the sky send out equal 
intensities. In order to investigate this phase of the subject another 
set of observations which we have termed “vertical zones” was 
carried on at Hump Mountain. To do this, the pyranometer was 
mounted bodily on an equatorial mounting such as is used for 
pyrheliometers. The threads where the equatorial mounting screws 
into its base, were left a little loose, and angles were marked off so 
that the whole apparatus could be revolved about a vertical axis 
through a known angle. The plane of the pyranometer strips was 
pointed exactly at right angles to the sun’s beams, as determined by 
a spot of light. The metal thimble limiting exposure to a cone of 
light of 60° arc was placed over the glass hemisphere. In all cases 
the small disc to shade the direct rays of the sun was in place ver- 
tically above the strips, even where mes instrument pointed to quarters 
of the sky away from the sun. 
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Method of observing.—First the instrument was pointed directly 
at the sun and one observation of the intensity made. The follow- 
ing minute, a similar observation was made at the same altitude 
but with the instrument revolyed 60° in azimuth toward the east 
from the position of the sun in the first observation. Similarly 
the following minute 90°, and the next 120°, and the next 180°. 
These are termed respectively I, II, III, IV and V. Several sets 
were usually taken in this way, the azimuth and altitude being 
measured from the position of the sun at the beginning of each set. 
Then finally, the instrument was pointed vertically, and a few read- 
ings taken of the radiation of the same angular area directly over- 
head. The vertical readings are termed VI. Current compensation 
measurements were taken on the half minutes between sky readings. 
At first the set at 90° azimuth was not taken. 

As in the case of the horizontal zones, a sample set of observa- 
tions will be included, then a table of the results obtained on each 
day of such observations. 

The sample set will be the first one taken February 11, 1918. The 
sky was quite clear and the air very dry for Hump Mountain, 
(about 35 per cent relative humidity) and the sky cloudless. The 
go° set, or III, was omitted in this case. 
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FEBRUARY II. 1918. Hump Mountain, N. C. 


Hotr | jit, | Altitude | No. | Zero | Read. | Defi] [on | \e%e mien 
—I :05 :00| 1.64 | 37° 30° i 125 A2 aA 5a ele) ||eneens seo .0658 
12.28 |14.30 | 2.02 | .183 | .o1610 Lane 
04 oe nf Iu WAAO, Wiese OF | osc: eo 0358 
12.25 |12.68 | .43 | .088 | .01708 wants 
03 sf ss IW |) We Oe). Wo) beta) 5 sa eG .0168 
11.96 |12.41 -45 | .088 | .o1718 aheiens 
02 ss ch V RIL 12.23 SANS Ores Pate -O144 
Ir.68 |12.13 .45 | .088 | .o1718 \ wa 
—1:01 DROS 37— 451 Tar) alA Od) gal were Bere .0654 
12.06 |14.05 | 1.99 | .183 | .01634 i 3 
00 “ LE T00, 12300 1 TOO Nl reer sere .0351 
II.97 {12.44 | .47 | .088 | .01645 cane 
0:58 id a“ IV | 11.83 |12.31 EAS Behe Peta: 0168 
Ts [L232 47 | .088 | .01645 ieee 
57 eS i We | wig) zag AZM ae ihe O147 
11-83 |12.27 44 | .088 | .01757 Make 
—0:56 TAO25 On: Ta) te2YoOoN ra soG" er eoon aaee aa .0068 
12.08 |14.13 | 2.05 | .183 | .01587 Ae 
55 g es II ILO |13.@0) | 1.03 || sone eae 0361 
II.Q5 |12.41 .46 | .088 | .01680 aces 
54 3 ; NES erie Sea oe TAT tll yfopaee: rts O144 | 
Ts Sie wes) 47 | .088 | .01645 aries | 
53 aw % V 11.43 |11.87 Ae eee Ped 0154 
11.40 |11.98 58 | .088 | .01333 ote | 
—0:52 TO20538n 01 TP POD MS. Ip Doo) |] so5- Bie 0644 
II.92 |13.94 | 2.02 | .183 | .o1610 seats . 
51 ts a 1) Aare 53) 2600 | woe eee 0375 : 
11.30 |I1.71 4I | .088 |(.01885) aes 
50 THOME SomesOn JV | 11.03 |11.53 SO eee es O175 
Wu nie 47 | .088 | .01645 ae 
49 m oe WA ieiegaey, pire S77 rN eee Sree O144 
11.30 |11.83 53 | .088 | .or458 Beat 
% POINTED VERTICALLY 
: ih 
—0:45:00|) 1.60| .... VI | 13.50 |14.03 553i) ene ane .0186 
| 13.70 |14.19 -49 | .088 | .01577 wong 
4A Path ROAM Ames HK rectee BS O168 
| oy lh a7 .50 | .088 | .01546 pee 
43 SSG ena 14.17 |14.68 AGM ull eesiets ae O179 
| 14.28 |14.74 -46 | .087 | .01643 ali. 
| 


Av. c’/d (large defl.) .o1610 
oe > Straailll joe Oma e 


Averages Ratio to I 

I, ,Gaso) noe 
Il .Ogort 55.0 
IV. .0164 25.0 
Ne OLAy 22.4 
Wik. ,@n7e 27a 
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Summary of zone observations —As might be expected, it is rather 
difficult to arrive at any very definite conclusions from observa- 
tions of this character, owing to the many factors involved and 
the wide variation in these factors themselves. For instance the 
horizontal zones are a measure of the radiation from a strip of sky 
of uniform width and extending entirely around the sky, whereas 
the vertical zones are measures of circular areas of sky and varying 
in altitude. It is of course evident that the horizontal zones have 
not equal intensity per unit area in different azimuths of the sky, 
and also, as shown by the vertical zone observations, the zone in 
which the sun happens to be will show a larger sky radiation than 
it would were the intense sky radiation surrounding the sun not 
present. Hence the rough averages given immediately following 
the table of horizontal zone observations must not be regarded as 
very accurate if the sun and the ring of intense sky radiation sur- 
rounding it be all within one zone. But as a rough average, the 
values given are to be relied upon. There is even wider variation in 
the vertical zones, but it may be stated that if the sky be divided 
into four quadrants in azimuth, numbered 1, 2, 3, and 4, respectively, 
with the sun in the center of 1, then 2 and 4 will have an intensity 
of 50 to 80 per cent of 1, and 3 will have from 25 to 40 per cent 
of 1, under ordinary cloudless conditions of sky. The zenith region 
will show approximately 30 per cent of that surrounding the sun. 
These values are also dependent largely upon the condition of the 
sky, as regards haze, dust, smoke, etc., for the prevalence of all these 
impurities tends to increase the sky radiation in the zone, either 
horizontal or vertical, in which they are found. This is especially 
noticeable in the region immediately surrounding the sun, for with 
a clear blue sky, one can, by hiding the sun’s disk, look practically 
up to the limb of the sun. On the other hand, if the sky be hazy, 
the glare is very intense, often several degrees from the sun’s 
limb, and the eye can scarcely distinguish exactly where the sky 
leaves off and the sun’s disk begins. 


RADIATION FROM A CLEAR SKY AT 30° AND 19° SUN 
AT CALAMA 


Quite an extensive set of observations have been taken at Calama 
on the radiation from cloudless skies with the sun exactly at air 
mass 2, or at an altitude of 30° above the horizon. A table follows 
which gives these results, with a description of the condition of the 
sky prevailing at the time. 


Calories 


from 
Date whole Character of sky 
sky 
M=2 
Dec. 23, 1918 0814 | Quite hazy. 
“cc 27 iT .0858 ‘“ “ 
66 31 ‘6 0813 “ “ 
Jan I, 1919 .0804 iS of 
Be Be .0795 Some haze. 
somes ans 168 .0752 | Less haze than usual. 
Se eee Pete OO Hazy. 
rales toons 0690 | Considerably less haze than usual. 
“cc 19 66 06.44 | “ ‘“c “ 6“ ; ‘6 Dry. 
eR DOES 0752 | Some haze. Air quite humid. 
ST a eae .0799 | Very hazy. 
[73 22 oe 0822 | “ec “cc 
‘“ 23 ‘“ 0852 | “ rT; 
‘“c 24 “c .0936 ‘ 73 
eae yt .0977 | Extremely hazy but cloudless. 
Keby \6 = 0788 | Hazy. 
e Ths 0742 | Some haze. 
s Sire .0738 | Quite hazy. 
a Ones 0804 | Very hazy and damp. Probably fog during night. 
cs Ops 0977 | Extremely hazy and bright around sun. 
SESS pele eae .0906 | Very hazy and some streakiness. 
Ce Seaham! 0899, Very hazy and humid. 
at Tid 1130 | Extremely hazy. 
ey 7) a .0748 | Some haze. 
“ce 18 ee 0686 “ a3 
es TOM .06904 Less hazy than usual. 
Mita 7) es .0983 Very hazy especially around sun. 
eGR, 0739 | Less hazy than usual. 
“Sale 0 pi 0786 | Quite hazy. 
“ce 21 “ce 0874 oe “a 
Se aiGy es .0644 | Quite clear. Some dust in air. 
Somes ayT yi 0902 | Quite hazy. 
Sc a 0825 | Very hazy—quite humid. 
2 Bi vi 0747 | Some haze. 
¢ ai he 0872 | Very hazy. Air very humid. 
a Aa 0950 | Very hazy and humid. 
a es .0765 | Quite hazy. 
“cc 6 ec 0748 “é “ce 
““ 7 “ .0720 “ &“ 
73 8 iv3 0722 | (73 oe 
ce Ons .0662 | Less hazy than usual. 
eT On... .0690 | Fairly hazy. 
a ices .0675 | Some haze. 
s 1A .0713 | Quite hazy. 
‘“ 13 6 0723 ‘“ 6 
eeentutedi) .0678 | Fairly hazy. 
e i “ 0731 Quite hazy. 
Savon < 0725 | Quite hazy and some streakiness. 
easy. .0607 | Less hazy than usual. Rather dusty. 
bee ROSH: 0641 | Fairly hazy. : 
pee ae Ow .0657 | Quite hazy. 
Sey Ee .0648 | Rather hazy. 
per Soe #1 0610 Some haze and dust. 
Pe ZO S .0640 | Rather hazy. 
‘“ 30 “ 0656 “ & 
Maia) te .0602 | Some haze. 
is Debiies 0645 Rather hazy. 
6 3 “ 0654 “ iT 
ss Aes .0023 Some haze and dust. 
“ce 5 “ce .0623 “ce “c “ec “ec 
e Gen .0634 | Rather hazy. 
eee mlON. 7: 0668 | Quite hazy—especially in east. 
eset Te 0717 | Very hazy. 
seieTeY (0 0710 | Quite hazy. 


Mean of 64 = .0757 


5) 
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Similar observations were made at air mass 3 (alt. about 19°) at 
Calama for a few weeks. The results follow in tabular form. 


Calories 
from 
Date whole ' Character of sky 
sky 
M=3 
Sept. 15, 1918 .0563 | Hazy and a little thin cirrus. 
pee aay ay 0534 | Sky quite even, though somewhat hazy. 
eat i ee 0572 | Considerable haze and dust. 
Spee Ee egy .0573 | Very hazy. 
cry ae eo Dulaies 0616 | Quite hazy. 
Zoe .0566 | Rather hazy. 
SOT .0553 Some haze and smoke. 
ae oe 6 0585 | Very hazy, and streaky in east. 
sett DOW Me .0502 | Quite hazy. 
Cit P30 aay 0605 | Very hazy. 
Octiiw2. ke 0665 | Quite hazy. 
* Aes 0614 | Rather hazy. 
6c 5 73 0585 Ts 66 . 
73 (a 0585 “ 6c 
S Tie .0585 | Fairly clear. 
a Sieie .0666 | Very hazy. 
Ose 0611 | Rather hazy. 
Se ino .05905 | Rather hazy and dusty. 
ee Ge 0504 | Rather hazy. 
eae pee nilaynen .0686 | Very hazy, misty and humid. : 
i 17 hye .0620 | Quite hazy. | 
a Pano ie .0607. | Hazy and some streakiness in east. : 
SD STi as .0603 | Quite hazy. 
RS RE OTE ee .0558 | Some haze but sky quite uniform. 
Se 2 Oe .0620 | Some haze. 
eee SO) ag .0642 | Rather hazy. 
ct action 651 | Quite hazy. 
INOWAy es .0580 | Sky clear but some haze. 
is 5 “p.m.| 0503 | Quite hazy. 
‘ 6 “ .0645 | 73 7; 
iy Gh .0637 | Very hazy. 
Y 1) oe el sank |) Loom Rather hazy. 
oS ie “p,m, | Ose Sky clearer than in morning. . 
Soni ATCO t ams | .0667 | Quite hazy and some streakiness in east. 
ie TS io Tom), || Oras} Quite hazy. 
“ce 16 (79 .0665 ce ce 
Sona 7b ts .0703 | Very hazy. 
cc 19 “ 0757 “ “ 
tie AON .1085 | Extremely hazy. 
oS A io, | Ose) | Weray inary, 
Sree 2 Oe .0683 | Quite hazy. 
AW RBG oe 818 | Very hazy. Heavy dew during night. 
27 aepetnn EOO4Oml ie Otmitemazays 
“| 290° “prem: |) 0616) | Some haze: 
Lope Me .0657 | Quite hazy and some streakiness. 
Deer in © | .0629 | Quite hazy. 


Deity 0605 | Rather hazy. 

4 | .o610 | Less hazy than usual. 
S 6 “p.m.| .0780 | Very hazy. 

Ui 

I 


as .0726 | Quite hazy. 
os 0644 | Rather hazy. 


Mean of 51 = .0642 
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Comparison of whole sky at M2 and M3.—By averaging 64 values 
at 30° sun and 51 values at 19° sun, it will be seen that increased sky 
radiation attends higher sun, for approximately .0757 of a calorie is 
radiated by the whole sky at 30° sun and .0642 of a calorie at 19° 
sun. With a narrow zone of sky around the sun, the opposite is 
true—that is, the radiation decreases as the sun’s altitude becomes 
greater. This is probably due to a clearing of the sky as the sun 
gets farther from the horizon. The radiation from the region next 
to the sun is much greater than for other equal areas of sky, as 
is shown by the vertical zone observations described in this paper. 
Hence as this region of greater intensity gets higher in the sky, its 
radiation falls more nearly vertical on a horizontal surface and this 
causes the total sky radiation to increase as the altitude of the sun 
increases. : 

On January 24, 1919, at Calama, a series of sky observations was 
made which may prove of some interest and illustrate what has 
just preceded. The sky was very hazy. Beginning with the sun at 
about 9° altitude, the measurements were alternated between the 
30° zone arrangement pointed at the sun, but with the sun shaded off 
the strips, and the whole sky, the sun being again shaded off. Follow- 
ing are the results. 


| -_.:.| Mean 
Mean hour , : Calories in ‘ 
Sricte Sun’s altitude hotivonital Kae Character of sky 


(a) Zone around sun 
—5h 55m 9° 00’ ) 40456 3 |) Cloudless but very hazy. 


Light east wind. 
(b) Whole sky | 5 ind 


—s5h 50m 2 g0n(P) 20585 3 | Same as (a). 
(c) Zone around sun | | 
—5h 08m 18° 54’ .0350 3. | Still very hazy—cloudless. 
(d) Whole sky | 
—sho3gm | - 20° 00’ enOz70 ate 
(e) Zone around sun | 
— 4h 78m 30° 00’ .0291 4 | Stillvery hazy. Little wind. 
(f) Whole sky | | 
—ah 13m Sue aiisy 0936 | 4 
(g) Zone around sun 
—2hi 47m 50° 00’ | .0250 4 | Still quite hazy around 
| sun. 


(h) Whole sky 
—2h 4m Ba" 00! enT6G A 
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From the above it is seen that with a very hazy sky, with the sun 
ranging in altitude from 9° to 53° (the haze remaining practically 
constant), the radiation from the region near the sun’s limb de- 
creases 45 per cent, while the whole sky radiation increases 118 per 
GEE: 

OBSERVATIONS ON CLOUDED ‘SKIES 


As might well be expected, the observations made with the pyrano- 
meter on the radiation from cloudy skies, furnish a large range of 
values dependent upon the character of the clouds present in the 
sky, their position, and also the position of the sun with reference 
to the clouds. Quite a series of observations upon cloudy skies was 
taken at Hump Mountain, and under quite varying conditions. A 
resumé of these observations will be given and in most cases a brief 
statement as to the conditions obtaining at the time. Usually a mean 
of the values obtained will be included rather than the many pages 
of values as recorded. That is to say, the observations of each day 
will be divided into groups, of similar values in each group, and the 
mean given with the number of values entering into the mean. 

Taking .0700 calories as a fair average of the intensity of the 
radiation on a horizontal surface from a cloudless sky at hour angles 
of the sun of 3 to 4, it will be seen that for cloudy skies the values 
are from four to nine fold for average clouds, and from one to four 
fold for very heavy clouds. Very often, just preceding the precipita- 
tion of rain, the radiation drops very considerably and very rapidly. 

With low fog the observations unfortunately are few, but the 
indications are that the radiation is ten fold or more that of clear 
skies. 

An average cloudy sky, if the clouds are not too thick, lets through 
about as much radiation (measured on a horizontal surface) as do 
the sun and a clear sky combined with the sun at an altitude of 
about 15°. The radiation from a low fog is about the same as from 
the sun and a clear sky at 30° sun. 
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‘| Mean | 
Date aaale ene ees 

Aug. 6, 1917 | — 1"32™ 5 | .596 | Clouds fairly thick. Totally cloudy. 
“cc “cc “ es 7 Tipe | 5 .502 (73 “cc “c “cc 6“ 

“ce “ee “ce =o 45” | Io 564 | “cc “ce “ec Us “é 

Aug. 16, 1917 | + 4° 28™ 2 | .507 | Cloudy and partly foggy. 
6c “ “c + 4" 31™ 3 | .700 66 73 6c “6 

Aug. 31, 1917 | —3° 26" | 4 | .791 | Heavy low fog. These are probably 
" | O. 6 .645 lower because of pyranometer 

glass coated with fog. 

Sent. &, 1917 |-—— 2" 56" Al | 378 | Fairly heavy clouds over whole sky, 
e Re et Se aa A .247 but sun faintly shining through 

spots at times. 

Sept 22.1017 |= 1" 387 | 6 .202 | Very heavy clouds and also low fog. 
“ ee a | eT om let Bh NOT It gradually grew darker, and just 
5 ee EAS ee ede wl 2072 after the third set rain began to 

| fall. 

Sept. 29, 1917/—1"35" 10 | .326 | Entirely cloudy sky. Clouds very 

| high. 
| 

Dec. WOR Ze aS | .308 | Very cloudy sky. Clouds very even 
i BSS Se 2 . 180 except along horizon. Began rain- 

ing after last set. 

Jan. 19, 1918 | + 1” 32™ | 4 .456 | Exceedingly hazy sky. Sun very dim. 
es Ser ad BOr eS .600 First and third sets are of the sky 
s Oe Tse eS ol 461 alone, and second and fourth of 
eta ha 5 .560 sun and sky—both measured on 

| horizontal surface. 

Jan. 31,1918|}-+ 2°09"! 10 .210 |Sky covered with thin cirrus clouds 

| through which sun shone. Sun 
| shaded from strips. 


RADIATION FROM HILL-SIDE 

On February 23, 1918, an observation was made of a definite area 
of a hillside (approximately at right angles to the line of sight) 
covered with dry grass and leaves, and on which the sun was shining 
from an altitude of about 43°, directly back of the instrument. The 
vertical zone arrangement was used, but without the sun shade in 
place. An average of six very concordant values of the radiation 
from the hillside gives an intensity of .0546 calorie. 

Immediately the instrument was pointed vertically, and a similar 
area of clear sky observed. The value in this case was .o169 calorie. 
This shows that the radiation outward from dry grass, etc., on which 
the sun is- shining nearly vertically, at mid-day, is about three or 
four times that radiated by an equal area of clear zenith sky. 


28 SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 71 


OBSERVATIONS AT DUSK 


Two sets of observations have been taken to show the decrease 
of sky light at sunset. The first set was taken February 23, 1918, 
at Hump Mountain. Here an artificial sunset, so to speak, took 
place; for the mountain rose considerably above the observatory in 
the west, and the sun disappeared at an altitude of about +12°. 
The second set was taken December 10, 1918, at Calama, where the 
sun disappeared at an altitude of about —30 minutes. In both cases 
the whole sky was observed, with the sun shaded off and the glass 
screen on. Observations were begun sometime before sunset and 
were continued with some intervals until the galvanometer deflec- 
tions were too small to read. | 

Results were as follows: 


Hump Mountain, FEBRUARY 23, 1918 


Sky cloudless, little haze, little wind. 


Sun disappeared behind the hill .......... etre AN 220" 2307 Ieee 
MEAL SUMSELe bie cece Eee eee eer Sh a1" 7000 
Hour angle cade Calories Hour angle ene Calories 
ey OO 30% 15° 59’ | 0.0549 5°: 317: 30° |—o° 05’ .OIII 
10 15 47 .0539 32 Oo 16 .0098 
II 151035 .0522 2a) 0 27 .OO0QI 
Aue OO: 12 42 0484 See oT aOR iB ite) 0004 
27 I2 30 .0478 38 I 24 .0057 
28 12 18 “0488 30 I 36 .0051 
20 12 06 .O481 4O TAZ .0040 
30 II 54 .0468 4I I 58 .0034 
31 | II 42 .0468 42 2 10 .0031 
32 | II 30 -0445 43 2 21 .0031 
33 Ir 18 .0448 44 222 .0027 
34 II 06 .0451 45 2 43 . 0017 
35 10 55 -0445 46 2 54 .OO17 
36 10 43 .0445 47 3 00 .OOII 
48 ) ay/ .OOII 
O22 30s fe ORY 49 3 28 . 00082 
03 5 22 .0307 50 A aD) .00055 
04 5 10 .0300 51 3 49 .00055 
Sone a aoe 2a? .0209 
18 2 26 .0206 
19 +2 15 .O199 
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CaLaMaA, CHILE, DECEMBER I0, 1918 


Sky cloudless, somewhat hazy, heavy wind at intervals. 


‘Siar Giga serie Bebe no OS cor creroOverEaean 6Fs42'7 00° HA. 
Sun disappeared ............. eS LN ea ee eA AAm aloe 
Siruesmnset (Oo aluibGe)l tessa dees cae coe o cre 40™ : 20°. 
Hour angle aoe Calories Hour angle iene Calories 
-L 4™: 42™: 45° 25° 20' || 0.0878 | 6°: 287: 45° 2 26 .0202 
43 25 06 .o88r 20 2 TA .O195 
44 Weae 5301s e007 08 4 30 2 02 0105 
AS lp2ar4or |) > 0874 | 31 1750 .O175 
46 WEA ZO wc OS7ZT | 32 i BY .0172 
| aa I 25 .O172 
See AG Wl ETS S7 ale. O74T) «| 34 : ae ae 
12 Ton AAN |e) OOGay | 3 ; e 
13 TOS | ROO a 3 oa) ee) oo 
14 eUGMitSas ley 0003 7 | 2h 3 a0 pane 
15 | 18 05 | .0683 3 5 AOttD 
| 39 Oy. 18 .O113 
| 40 to oI -O10I 
eae ab Wk la43 1 |e 0553 41 So) hin Moleeyi 
45 [Petiiee SOM aes O540 42 © 23 .0085 
46 [Rite 150°) -/ 50530 43 O 34 .0078 
47 (eGIMO>h ie 50530 44 0 46 .0068 
o o 58 .0059 
6": 07™: s 6 0382 4 I 09g -0052 
Be al 6 36h. 0986 47 EGP play S088 
09 6 23, | +0375 es eh aaseee 
1) 6 10 Fo372 =| a : as me 
ae 558 | -0369 52 225 .002I 
| 518 2) 33 .O0012 
Guazo"= 45° |) 4-05 |) ).0278 
21 Sm sr 0275 CHOBE SASS | aa als .0009 
22 3 41 | .0262 55 257 0006 
23 328 0252 56 3 09 0003 
24. Bato .0242 57 BQ ain .0003 
25 3 04 .0235 58 Bias -0003 
59 3 45 .0003 


After the last observation in both places, although the rays had 
less than 1/100 the intensity of the average total mid-day sky radia- 
tion at Hump Mountain, or 1/200 at Calama; or less than 1/1000 
of the strength of the solar rays reaching the earth, the ordinary 
small print of a newspaper was easily legible at arms length. 


RADIATION UNDER TREES 


During the autumn of 1917 some observations were taken at 
Hump Mountain in the shade of the trees on the mountainside. The 
object was to find out how much light passed the overgrowth and 
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reached the ground. The extent of the work is limited, owing to 
the pressure of other matters. 

On September 7 the pyrdnometer, with the auxiliary apparatus, 
was taken down the mountain side north of the observatory into a 
grove of beech and black birch. Observations were taken at five 
spots: 

(a) In the shade of two large trees, no undergrowth within several 
feet: 

(b) Under some rather thick saplings, partly shaded by higher 
trees, thin undergrowth ; ; 

(c) Ina bed of ferns which covered the instrument, but with an 
open space directly above ; 

(d) In open space; trees all around; ferns and other vegetation 
somewhat above instrument toward south; \ 

(e) Thick growth of saplings, considerable small vegetation on 
ground. 

The sky, on this day, was cloudy and very variable. Observations 
had been taken on the whole sky and sun two hours before the in- 
strument was moved to the grove, but after that the sky became 
nearly overcast. At the close, observations on the whole sky were 
taken, but there was so much variation that the readings were of 
little value. 

A few days later, September 12, the observations were repeated, 
with a cloudless sky. With better conditions the readings showed 
far less variation among themselves than on the preceding days. 

On October 2 a third set of observations was taken. The instru- 
ment was placed in the same five positions as before. This time the 
leaves were beginning to fall, and many that remained on the trees 
had turned yellow. The sky was cloudless and very clear. 

Readings were taken mostly in groups of four or five. Below are 
the times for the middle of each group, the average calories for the 
group, an estimation of the total sky and sun radiation, and the 
ratio of the observed radiation under the trees to the estimated radia- 
tion above them. ‘The estimated whole sky radiation is based, for 
September 7, on the observations taken on the tower, following those 
in the grove ; for September 12, on solar observations by the pyrhelio- 
meter and total sky observations taken before the pyranometer was 
moved to the grove; for October 2, on pyrheliometer measurements 
taken at different air masses during the afternoon and total sky obser- 
vations taken in the morning with the pyrheliometer, the sum of the 
two values at corresponding sun altitudes being used. 
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Hour angle Observed calories | Estimated calo- |Ratio of observed 
under trees | ries sun andsky | to estimated 
Place Z = 
Sept. | Sept. Oct. Sept. | Sept. | Oct. ‘Sept.1 Sept.| Oct.! Sept.| Sept.| Oct. 
7 12 2 7 Pee L2bs calle 7 | 12 2 yp Noe ies 2 
| | By | 

a |—rh;18m ite +22:00™ | .0136 | .0287 | .0236| -38 | 1.28 |1.02] .036 | .022] .023 
b 18 BiG) 0 :24 2 :09 -0145 | -o197 | .0138| .38 | 1.28 | -94] .038| .o15 | .015 
c I :01 oO :16 BIG) -0156 .0140 +0083) .38 | 1.28 -89] .041 | .o1I | .009 
d 0 :50 0 :08 2.226 -0619 | .0498 pooDS|) cstes IPatoets |) SSI) aise) |) o@ EG) || Goon 
e 0 :342 |+o :11 2 :38 -01442 | .0273 | .o185| .38 | 1-28 | -80] .038 | .o21 | .023 


1Sky nearly overcast. Sun appearing only occasionally during morning. 
2 There followed seven readings which showed a very rapid decrease of radiation. 
® Direct sun on instrument. 


Referring to the column of Ratios in the table above, we find a 
slight increase at a between September 12 and October 2. This is to 
be expected, for in this place the light was obstructed by high leaves, 
and many of these had fallen. For place b we find approximately 
the same ratio for both days, perhaps because the foliage of the 
saplings and undergrowth did not fall so early as that of the larger 
trees. The decrease in the ratio at c would follow an increase in 
the thickness of the ferns. At e, under saplings similar to those of 
'b, a noticeable increase in the ratio occurred. This was very likely 
due to the absence of any shading by higher trees. 

The results of these observations are meager, and of small re- 
liability. Nevertheless, they suggest a field for wide and important 
research, concerning the necessary amount of light for various types 
of plants and at various stages in their development. The pyran- 
ometer, supplied perhaps with special colored screens for measuring 
different kinds of light, seems remarkably well suited to this pur- 
pose. It is hoped that a much more extensive investigation along 
this line may be undertaken. 


SNOW OBSERVATIONS 

Late in February, 1918, observations were taken to determine the 
reflecting power of snow. Part of the snow was gone at this time, 
as practically none had fallen since the first of the month, and there 
had been considerable rain. A suitable patch of snow was found, 
however, lying on a hillside sloping toward the northeast, not far 
from the observatory. 

The procedure was as follows: The pyranometer, supplied with 
glass and thimble of 60° aperture, was mounted on an office stool and 
box, about four feet above the snow, and in such a manner that it 
could be alternately pointed at the sky and at such a point on the 
snow that the direct light and reflected light came from the same 
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source. Care was taken to choose angles such that the cone of direct 
light included only sky and the reflected light came only from snow. 
The galvanometer was mounted on a tree about forty feet away and 
the ammeter and other apparatus was conveniently located nearby. 

Observations were undertaken on two days, February 22 and 23. 
On the former the sky was very cloudy and snow was falling lightly, 
so that a thin film of fresh snow covered the patch of old snow. 
Readings were taken in sets of five except a set of four taken at the 
end with the instrument pointed at the zenith. Designating the sets 
alphabetically according to order, we observed as follows: 

a Clouds in southeast, instrument elevated about +45° ; 

b Reflection of clouds of a, instruments elevated —25° ; 

c Sameasa; 

d Same as b; 

e Instrument pointing on snow to southwest, so that direct and re- 
flected rays would be in vertical plane ; 

f Clouds whose reflection was observed in e; 

g Clouds in northeast, about 35° elevation ; 

h Clouds directly overhead. 

Sets g and h# were taken to give an idea of the comparative unt- 
formity of the different parts of the sky. ! 

On the following day there was a cloudless sky. This time light 
was observed coming from the sun and from the sky 30° around 
the sun. The day was fairly warm and the snow was melting slightly. 

Ten sets of readings were taken, as follows: 

a Sun and 30° sky around it; 

b Snow, center about 44 feet from instrument, giving most direct 
reflection, as shown by a mirror. 

c Snow, about 30° east of b and 7 feet from instrument. 

d Snow, about 30° west of b and 34 feet from instrument. 

e Snow, about in line with sun and to feet from instrument. 

f Same as a. 

g “Vertical zones,” without sun shade (See Zone Observations). 

h Snow, same as e. 

1 Mountain side covered with dry grass and leaves, sun almost 
directly behind instrument. Center of ground about 6 feet from in- 
strument. ° 

7 Sky directly overhead. Strips shaded from sun by thimble. 

There was an interval of about forty minutes between f and g in 
order to allow the taking of a bolograph. - 

Results of the observations are given below: 
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FEBRUARY 22. 


Set Hour angle Mean calories 
a —o" :32™ :308 .0300 
b 25 -0212 
c 17 .0424 
d — 09 -0231 
e + or .0180 
f 10 .0477 
g 18 . 0369 
h 26 .0466 


Ratios: 
Pia) COYG==—250, 0/6 == 54.) .C/f —.30: 

The readings disagreed considerably among themselves, the sets 
on clouds being much less satisfactory in this respect than those on 
the snow, as will be seen by an inspection of sets a, b, and g, which 
were typical. 


SETS 
a b g 
Hour angle Cal. Hour angle Cal. Hour angle Cal. 
—o0" :34™ :308 .0307 —o" :27™ :30° .0199 +o" :16™ :30° . 0343 
33 .0291 26 -O199 17 .0496 
32 .0323 25 .0206 18 .0294 
31 .0310 24 .0225 19 -0366 
30 .0271 23 .0229 20 .0346 


The greater uniformity of the snow observations is probably due 
to the fact that the snow is comparatively a rough surface and a 
considerable proportion of the radiation came originally from por- 
tions of the sky very distant from the clouds observed directly ; like- 
wise, a large part of the radiation coming from the clouds in ques- 
tion, failed to reach the pyranometer, not being absorbed but reflected 
in other directions. Imagine, now, that the radiation from the clouds 
observed was reduced by one-half, while the rest of the sky remained 
the same. The effect observed from such a spot on the snow that a 
directly reflected ray from our clouds would strike the pyranometer, 
would, at the same time, be reduced not one-half but by one-half 
of that proportion which our clouds contributed to the whole radia- 
tion coming to the instrument from that spot on the snow. And 
though the radiation from the whole sky was far from uniform, the 
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percentage of variation was probably considerably less than the per- 
centage of variation in any particular portions of the sky. 

With such wide ranges of variation definite results are out of the 
question. Nevertheless, it seems reasonable to state that from 50 to 
60 per cent of the radiation from the clouds was»reflected by the 
snow on this particular day. 


FEBRUARY 23. MEANS oF SETS 


F Ratio to sun 
= | Altitude Mean oosae 
Set Hour angle Bone ealoriee Teorey 
a —1":14™:158 40° 40’ | 1.5890 1.00 
b 02 :00 Aiye 2033 ay 
c O :53.:00 42 18 .2041 .128 
d 46 :30 42 38 So sE12 
e 38 :30 43 03 52022551 .126 
f —— ee Teme tS AZ 23) aly ls OLOOny 1.00 
h +0 :29 :30 Aga 2Oial 220m .143 
1 40 :00 43. 00 | .0546 | .035 
j 50 :00 42) 20), s0169 | .O10 
SET a SET b 

Hour angle | Calories Hour angle Calories 

—1":16™ :30° 1.588 —j":04™ :00* . 2022 

15 1.590 03 .2041 

13 1.505 02 2041 

12 1.584 Or . 2022 

ag 00 . 2041 


There was far better agreement among the readings than on the 
previous day, as will be seen by inspection of the results for a and D, 
which are typical. 

It is remarkable that the ratio of the radiation measured from 
the snow is of the order of one-eighth the amount coming from the 
sun and a cone of sky 30° around it, while with the same cone, on the | 
preceding day, the radiation from the snow was found to be rather 
more than one-half that coming from the clouds. This discrepancy 
can be accounted for as follows: On February 22 we observed a 
cone of light from a certain part of a totally cloudy sky and a similar 
cone from the snow such that a directly reflected beam from the 
center of the observed clouds would strike the surface of the strips 
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normally. As stated above, a considerable portion of reflected light 
from the clouds observed was lost, but there was compensation from 
other parts of the sky. On the following day, however, we used sun- 
light and a cone of sky light 30° around it, so that compensation 
could come only from the rest of the sky, this outside radiation 
amounting perhaps to one-thirtieth, or possibly one-twentieth of 
that admitted by the thimble. Sets b, c, d and e show that the radia- 
tion from the snow was fairly uniform over a considerable area. 
Indeed, the highest readings are found in c where the instrument 
was pointed 30° east from the position of b in which the most direct 
reflections from the sun were measured ; but this is probably because 
the snow of ¢ was slightly cleaner than that of b. We can obtain 
an approximation, however, of the total radiation reflected to a 
point, by considering the effect if a whole hemisphere of snow were 
observed, or in other words, if no thimble were used, it being assumed 
that this were possible without the admission of the stray light. For 
if a ray coming from the.sun is deflected a certain number of degrees 
west from the plane normal to the main snow surface and containing 
the sun, then at some other spot to the west of the first another ray 
is deflected by a snow crystal a corresponding number of degrees 
to the east of a normal plane containing the sun—or if in such a 
normal plane a certain ray makes a greater angle with the face of a 
crystal than with the main surface, another ray makes a correspond- 
ingly smaller angle with the face of another crystal; so that there 
is a general tendency toward compensation. The rays most directly 
reflected will be found the most effective, as they approach nearest 
to normal incidence on the pyranometer strips. We may now esti- 
mate the entire reflection by multiplying the results obtained with 
the thimble by 4 (the derivation of this ratio being given in the 
section on thimbles). Proceeding in this manner with sets J, c, d, e, 
and h, and adding 4 per cent to the sun and sky values, to allow for 
the portions of the sky not observed, we conclude that on the day 
in question about 50 per cent of the radiation coming from the sun 
and sky was reflected diffusely by the snow. 

It seems very probable that considerably higher radiation would be 
obtained with snow that was freshly fallen. Unfortunately there 
was no appreciable fall of snow after this date, so that this opinion 
could not be confirmed. 2 

SUMMARY 

Quite an extensive set of observations was made at Hump Moun- 
tain, near Elk Park, North Carolina, from July, 1917 to April, 1918, 
with the pyranometer, an instrument constructed by the Smithsonian 
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Institution for the purpose of measuring radiation of various kinds. 
At Hump Mountain, measurements were made on the intensity of 
radiation from the sky, clear, hazy, cloudy, and foggy; the radiation 
under trees, plants, etc., snow reflection radiation, etc. In May, 1918, 
the instrument was taken to Calama, Chile, and other sky radiation 
measurements have been made there. 

The pyranometer measures radiation by means of a delicate elec- 
tric thermo-couple, which is heated by blackened manganin strips 
on which the radiation falls. The instrument is calibrated by means 
of a solar comparison with the pyrheliometer. The “constant” of 
the instrument is found to vary but little during long intervals. 

Observations were made which showed that the pyranometer is a 
very sensitive instrument if joined to a delicate galvanometer, such 
as is used in bolometric work. The “bolograph”’ made with the 
pyranometer showed that it registers all wave lengths from 2.2» to 
0.33 in their proper magnitude. 

A table is given showing the relative intensity of the radiation 
from the whole sky (at air masses from 5.00 to 1.25) as compared 
with the simultaneous intensity of the solar beam as measured by 
the pyrheliometer, the latter being reduced to a horizontal surface. | 
Intensities of total sky radiation for rather hazy though cloudless 
skies is given for air masses 3 and 2 for Calama, Chile. 

The radiation from three horizontal zones of 30° width each, was 
investigated, during varying sky conditions. Also the intensity in 
various azimuths of the sky with a circular zone of 60° diameter. 
The position of the sun was taken as zero azimuth for each set and 
the other azimuths as well as the zenith region compared with it. 

Observations were made on cloudy and foggy skies, and the in- 
tensity on a horizontal surface compared with the solar and clear 
sky radiation falling on.a horizontal surface. 

A brief investigation was made of a comparison of the radiation 
from a hillside covered with dry grass and weeds, and comparing 
it with an equal area of clear zenith sky. 

Investigations were made both at Hump Mountain and Calama. 
regarding the diminution of radiation at dusk, and comparing it 
with solar intensity. 

Observations were made of the intensity of radiation under trees 
and plants, showing roughly the amount of radiation needed by 
various plant growths. 

Limited observations were made of the intensity of radiation re- 
flected by snow, and comparing it with solar and sky radiation 
occurring at the time. 
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OBSERVATIONS OF THE TOTAL SOLAR ECLIPSE OF 
MAY 29, 1919 
By C. G. ABBOT anp A. F. MOORE 

The station was located at El Alto, on the rim of the cafion in which 
La Paz, Bolivia, lies. The approximate location of El Alto is 
latitude, 16° 30’ S.; longitude, 4° 33° W.; altitude, 4,120 meters. 
Although at a high ‘altitude the sky is agely free from clouds, but 
very favorable conditions existed during the total and partial phases 
of the eclipse. 

The Smithsonian Institution expedition to the eclipse consisted of 
Dr. C. G. Abbot and Mr. A. F. Moore. Dr. Abbot photographed the 
corona with two telescopes of eleven feet focus, and Mr. Moore 
carried on pyranometer observations during the eclipse, as well as at 
the same time on the day preceding, and at intervals during the night 
preceding. The telescopes were mounted in a vacant hotel building 
and the pyranometer was set up on top of a high stone fence, about 
one hundred feet back of the hotel building. 


THE PHOTOGRAPHIC OBSERVATIONS 

Owing to the shortness of the time available for preparation after 
the expected arrival of the party at La Paz every possible arrangement 
had been made in advance to set up the photographic apparatus 
quickly. For this purpose each of the three boxes which contained 
the apparatus was designed in form and construction so as to act 
as a support to some part of the photographic outfit when filled with 
stones and laid upon the floor of any room which might be found 
available for the observations. Also, every detail of the apparatus 
was carried without any dependence on such lumber or other 
material as might ordinarily be available. It was very fortunate that 
this was so, for the expedition was delayed so that the apparatus was 
set up only two days before the eclipse. 

The briefness of the time available for preliminary tests was 
unfortunate in one respect. Owing to the very low altitude of the 
sun (only twenty minutes after sunrise) when the eclipse took place, 
the refraction of the terrestrial atmosphere was continually changing 
at the time, so that the apparent motion of the sun in the sky was 
at a variable rate not agreeing with that which prevailed later in the 
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day. <A test of the clock was made on the day preceding the eclipse, 
but owing to the cloudiness it was not possible to follow quite up to the 
time of the eclipse. Such observations as were made on the pre- 
ceding day, however, indicated that the clockwork moved a little too 
slowly and so the rate of the clock was increased about 3 per cent with 
the expectation of more exactly following the sun at the time of the 
eclipse. Unfortunately this proved to be too much of a correction, 
so that the clock moved a little too fast during the eclipse, and the 
images of the moon are not as truly round as they should be. Prob- 
ably appreciable injury of definition has resulted from the slight 
drifting of the corona during the taking of the photograph. This 
might have been corrected, as the result proved, by mounting a 
following telescope in connection with the apparatus so that the 
observer might be in a position to guide the cameras during the 
eclipse. However, the moon’s motion relative to the sun makes the 
moon unfit to follow upon, and it was supposed that the rays of 
the corona would be too indefinite so this was not thought worth while 
to arrange for. As it proved, there was a splendid prominence 
visible during the eclipse which would have been satisfactory to 
follow upon and it is perhaps to be regretted that some arrangement 
for following was not provided. 

The two camera telescopes were rigidly fastened together. 
Exposures were made by the removal of two pasteboard boxes which 
covered the ends of the tubes but were separately mounted on hinged 
supports independent of the cameras. As the requisite time of 
exposure was not accurately known, it was arranged to expose one 
of the telescopes for I minute 30 seconds, the other for 2 minutes 
45 seconds. 

The program was carried through without any accident, and upon 
developitig the two negatives both were found to be very good, but 
the exposure of I minute 30 seconds seemed to show quite as much 
extension of the corona as that of 2 minutes 45 seconds. As less 
drift of the clock occurred during the shorter interval than during 
the longer we give in the accompanying illustration only the result 
of the shorter exposure. 

It is much to be regretted that the full excellence of the photograph 
cannot be produced in the illustration. There were a great number of 
sharp relatively narrow coronal streamers extending nearly two— 
diameters in almost every direction from the sun. Decided evidences 
occur of coronal streamers at the north and south poles similar to 
those which are found at times of sun-spot minimum. The corona 
on this occasion was an intermediate type between a sun-spot maxi- 
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mum corona, equally extensive in all directions, and a sun-spot 
minimum corona, with relatively short polar streamers and long 
equatorial extensions. There was also a great sickle-shaped prom- 
inence which extended up from the sun to about one-quarter of a 
radius, then turned sharply round with a very long extension parallel 
to the sun’s surface. Later in the day this prominence was repeatedly 
photographed with spectroheliographs in the United States, and then 
extended as a complete arch of very great height and span. 

Taking into account the great length and beauty of the coronal 
streamers, the splendid crimson prominence throwing its glory over 
all, and the fact that the eclipse was observed so near sunrise from so 
great an elevation as 14,000 feet, with a snow-covered range of 
mountains upwards of 20,000 feet high as a background for the 
phenomenon, it seemed to the observers to be the grandest eclipse 
phenomenon which they had ever seen. 


PYRANOMETRY 

The object of the observations with the pyranometer was to obtain 
the intensity of the sky and solar radiation as the eclipse progressed, 
and at the time of totality to obtain the intensity of the radiation 
from the strips of the instrument to space, and compare the latter 
with similar radiation during the night preceding the eclipse. It was 
planned to take the night observations every two hours from nine 
o'clock until daylight, but unfortunately about eleven o’clock a heavy 
fog occurred which persisted until three o’clock and prevented the 
observations. Between three o’clock and daybreak there were inter- 
vals of cloudiness, but at sunrise the sky was perfectly clear, and 
remained so until nearly the end of the partial phase of the eclipse. 

During the night and during the totality the observations were 
made with the hemispherical glass removed. At daybreak the glass 
was put on, and observations made on the scattered sky radiation 
until sunrise. As soon as the sun rose (about three-fourths eclipsed) 
the observations were alternated between sky plus the sun and sky 
alone, the latter condition being arranged by interposing a circular 
screen of metal to cut off the sun’s rays. Both of these intensities 
were of course measured on a horizontal surface. The units are 
calories ©” | 

min. 

In the reduction of the observations, curves are plotted with hour 
angles as abscissae, and the intensity of the sun plus sky, and of the 
sky alone as ordinates. These curves relate both to the day of the 
eclipse and to the day preceding. By subtracting the sky from the 
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sun plus sky, other curves are drawn showing the solar radiation as 
measured on a horizontal surface. Then a curve is drawn of the 
intensity of the solar radiation as measured on a surface at right 
angles to the direction of the solar beam. The points of this curve 
are obtained by dividing the solar intensity on a horizontal surface 
by the sine of the angle of altitude of the sun, computed from the 
hour angle, latitude, longitude and declination. (See figs. 1, 2.) 

Following this are tables of the radiation measured during the 
night preceding the eclipse and during the totality and a comparison 
of these values. 


I 2 3 4 5 
Calories Solar Sine of Solar 
Measured on Calories Apparent Calories 
Horizontal on Horizontal Altitude on Surface 
Surtace Surface of Sun Normal 
Date Hour Angle (observed) (from curves) (Sin h’) to Beam 
May 28 Just before sunrise. Some cirri in northeast. 
19OIgQ) )=—s — 5" 29™ .OI71 Beh 0238, ae 
Sky only. 
5 26 TOZO7 unr aR eaE Nene ee -0348 a ee 
5 24 BODIE Nah Y ane Meee clea :0422 >) ae 
5 23 .0230 Seam ans 10460... * aes 
Sky + Sun. 
gar .0710 .0480 .0538 0.892 
5 20 .0775 .0522 .0570 0.916 
5 18 .0848 .0007 .0048 0.937 
Sky. 
iS 07 . 0263 .0054 ~ . 0682 0.959 
5 16 .0273 .0700 .0722 0.969 
5 15 .0279 .0740 _ 0760 0.974 
Sky + Sun. 
5 14 . 10607 .0790 .0800 ‘0.987 
Sg . 1094 .0828 .0838 0.989 
Siearee 1153 .0873 .0870 I .003 
Sky (clear overhead). 
5 10 .0309 .0960 -0945 1.016 
5 09 .0312 . 1004 .0982 1.033 
5 08 .0319 .1055 . 1020 1.034 
Sky + Sun. 
5 06 .1475 . 1142 . 1097 1.041 
S @s .1538 .1184 /1135 1.043 
5 04 .1577 . 1235 Sri7ia 1.056 
Sky. Some cirri and streakiness overhead. 
5 5 02 -0355 . 1330 . 1240 1.072 
5 O1 .0355 1376 . 1282 1.074 
5.00 .0362 . 1426 .1320 1.080 
Sky + Sun. Cirri overhead and in south. 
t 4 58 1936 . 1530 . 1400 1.093 
457 . 1979 .1582 . 1430 1.106 
4 56- .2038 . 1630 .1470 I.109 
Sky. Cirri overhead. 
4 54 .0391 7a .1542 Tat27 
4 53 .0388 . 1790 . 1580 Tee? 


ees Ase .0304 . 1841 . 1615 1.140 
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I 2 3 4 5 
Calories Solar Sine of Solar 
Measured on Calories Apparent Calories 
Horizontal on Horizontal Altitude on Surface 
Surface Surface of Sun Normal 
Date Hour Angle (observed) (from curves) (Sin h’) to Beam 
May 28. Sky + Sun. 
IQIQ — 4" 50™ . 2367 .1945 . 1690 I.151 
4 49 .2422 - 19905 a2 I.158 
4 48 . 2481 .2043 S762 1.162 
Sky. Considerable cirrus all over sky. 
4 28 .0503 Sarees . 2483 T,271 
A eu .0500 . 3212 .2519 12715 
4 26 .O510 . 3262 22555 1.278 
Sky + Sun. Sky same as preceding. 
4 24 BA OO Men Westy Septic SG) Nae Oa et 
4 23 BOAO Reamer Sn ak oe OOOO oN, i el a 
4 22 ROOT oN aah iad a s-.te! BOGOR Menasha ete oe 
4 21 . 4083 crs SAGO) bas Stee a 
May 29 Sky+ Sun. Sky clear. 
IQ1Q —>5 20 HOCOS Us frit; Mtoe, et ales NOLS 7AG) oR tere amin et Yrasie we 
5 19 ROOOS Merny Aas SOOTO. a weet: Pee sate 
Sky. 
ent? .0053 .0032 .0682 .0469 
5 16 .0049 .0033 .0722 .0457 
Sky + Sun. 
5 15 .0082 .0033 .0760 .0434 
5 14 .0069 .0033 .0800 .O412 
Sky. 
ge .0026 .0033 .0838 .0304 
Seni . 0016 .0033 .0870 .0379 
Sky + Sun. 
jane! .0033 .0032 .OQIO -0352 
5 Io .0030 .0027 -0045 .0286 
Sky. 
5 09 No readable .0021 : . 0982 .0214 
deflection. 
Sky + Sun. 
5 08 . 0007 .0007 . 1020 .0069 
5 07 30° . 0003 -0003 . 1035 .0029 
AFTER TOTALITY 
Sky + Sun. 
5 02 .0030 .0018 . 1240 -O145 
5 Ou - 0033 -0025 . 1282 -O195 
5 00 .0056 .0035 . 1320 .0265 
Sky. 
4 59 .0020 .0046 . 1360 .0338 
4 58 . 0030 .0063 . 1400 -0450 
Sky + Sun. 
4 57 .0135 . 008 .1430 .0566 
4 56 .O164 .O102 .1470 .0004 
4 55 .0213 .0126 -1505 .0837 
Sky. 
4 54 .0006 .O150 .1542 .0073 
4 53 .0075 .o180 . 1580 . 1139 


4 52 .0079 .0210 . 1615 . 1300 
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I 2 3 4 5 
Calories Solar Sine of Solar 
Measured on Calories Apparent Calories 
Horizontal on Horizontal Altitude on Surface 
Surface Surface of Sun Normal 
Date Hour Angle (observed) (from curves) (Sin h’) to Beam 
May29 Sky-+ Sun. 
IQIQ — gr sy™ 0335 .0238 . 1650 .1442 
4 50 .0381 .0273 . 1690 - 1615 
4 49 .0430 .0310 51729) .1798 
Sky. 
4 48 .OI2I .0353 .1762 . 2002 
447 .0135 .0400 -T80Ome . 2222 
Sky + Sun. 
4 46 .O017 .O441 .1838 .2308 
4 45 .0070 .0486 -1875 .2592 
4 44 .0745 .0538 ~ sIOLO .2815 
Sky. 
4 43 .O174 .0592 . 1948 3038 
4 42 .0200 .0055 . 1980 .3318 
4 4I .0213 .0710 .2018 «3520 
Sky + Sun. 
4 40 . 1014 .0772 .2055 -3757 
4 30 - 1086 -0835 - 2093 . 3988 
4 38 .1175 .0905 .2125 -4258 
Sky. 
4 37 .0263 .0980 .2160 ARB 
4 36 .0272 . 1032 . 2200 . 4688 
Ames .0289 . 1100 . 2237 . 4920 
Sky + Sun. 
4 34 -1477 AiG) .2270 9 Sigg 
4 33 .1555 . 1240 .2305 . 5380 
32 . 1640 BIBI .2340 .5620 
Sky. 
4. 31 .0328 . 1390 . 2380 SE suto 
4 30 .0338 . 1460 .2415 .6048 
4 29 .0348 .1543 .2450 .6300 
Sky + Sun. 
4A 28 . 1996 . 1630 2485 .6560 
4 27 .2085 .1720 .2520 .6825 
4 26 .2182 . 1800 £2555 .7048 
Sky. 
4 25 .0304 . 1870 . 2500 .7220 
4 24 .0427 . 1960 .2625 -7470 
4 23 .0460 .2035 . 2660 .7650 
Sky + Sun. 
4 18 . 2004 «2425 . 2830 .8570 
4 17 . 3012 .2510 . 2865 .8762 
4 16 3118 . 2590 . 2900 .8930 
Sky. 
4 15 .0525 . 2070 .2035 .Q100. 
4 14 .0542 .2748 . 2968 .9262 


Aas .0552 . 2828 . 3000 .9422 
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I 2 3 4 5 
Calories Solar Sine of Solar 
Measured on Calories Apparent Calories 
Horizontal on Horizontal Altitude on Surface 
Surface Surface of Sun Normal 
Date Hour Angle (observed) (from curves) (Sin h’) to Beam 
May29 Sky-+ Sun. 
1919 = — 4" r2™ - 3463 .2900 . 3035 9555 
ab Wi 3530 . 2085 . 3070 .9722 
4 10 . 3662 . 3005 . 3103 .9880 
Sky. 
4 09 .0558 -3145 3138 1.0030 
4 08 .0578 .3222 =3170: T.O0165 
4 07 .0504 . 3300 . 3200 1.0312 
Sky + Sun 
4 06 SA GOSM amore in asuee . 3238 Aare 
A 05 PAO Orisa ital Mane ke SB 27ON Goi we eek saya 


4 04 HAZOS! Wie ote hit ee ts BOs \ 07 cibaag mei IE 
Starting to cloud up overhead. End of eclipse. 

Following are the values obtained on the night preceding the 
eclipse. They were observed with the hemispherical glass removed 
and indicate the intensity of the long wave length radiation from the 
blackened strips of the pyranometer to space. 


Time—Local Current Calories 


‘or Mean Squared from Pressure 
Solar—for (Ammeter Horizontal Aqueous 
La Paz Corrections Surface to Vapor 
Date p.m. Applied) Space Time (m. m.) 
May28 9:04 .07215 .I417 9:08 4.57 Sky clear. 
IQIQ 9:07 .07162 . 1408 Beye. aie ates 
9:14 .07269 .1428 
At II: 00 p. m. and 1:00 a. m. (May 29) heavy fog. 
A. M. 
May29 3:21 .09571 . 1881 2): 31 4.32 Few floating clouds. 
3:24 . 09326 . 1834 see conde 
Sheets, .O7815 . 1536 
3:36 .05784 ~° .I130 
3:39 .04977. —-.0978 
At 4:00 a. m. nearly totally overcast with clouds. 
5:36 .06489 .1275 5:44 4.04 Clouds in W. and N. 
5:49 .00389 .1255 sees Rat Less clouds. 
5:54 -05851 . 1150 artes ep ae Clearing overhead. 
Following clear overhead. 
6:07 .00540 .1285 6:12 4.16 
6:11 .05004 S177 6:27 4.13 
6:15 -05904 = L777. Sous « 
6:19 .05851 .1I50 
6: 23 .05754 . 1130 
6: 30 .05154 . 1012 
6:34 .05427 . 1007 
6:36:30 .05754 . 1130 


The following were taken during totality. The agreement does 
not appear very good, but the observations taken with the glass 
removed are never as accurate and consistent as those taken with the 
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glass over the strips. This is due for the most part to wind blowing 
on the strips. However, it is entirely possible and in fact probable 
that during the totality there would be a change in the direction 
found, because the atmosphere undoubtedly cooled to an appreciable 
extent during totality. 

The values obtained during totality are about the same as those 
obtained during the night preceding. : 


DurinG Toratiry. 


Calories 
from 

Current Horizontal 

Date Hour Angle Squared Surface 
May 29, 1919 Sas (Os .05531 . 1087 
==5 68 Ber .00744 . 1326 
Mean .1206 


The results of the preceding observations made with the pyra- 
nometer with the glass removed and purporting to give the outflow of 
radiation from a perfectly radiating horizontal surface in calories 
per sq. centimeter per minute must be regarded as provisional, as 
also all such values hitherto obtained with the pyranometer on the noc- 
turnal radiation and on the outgoing radiation during the totality of 
the eclipse of June, 1918. The values are computed on the assump- 
tion that the blackened strips of the pyranometer radiated 95 per cent 
as much as a perfect radiator of the same dimensions would do. On 
account of the uncertainty existing as to the absorptive and radiative 
powers of lamp black for rays of very great wave length, the value 
95 per cent must be regarded as a mere assumption. Comparisons 
have been made between the pyranometer and the Angstrom pyrge- 
ometer which has been much employed for measurements of noc- 
turnal radiation. These comparisons indicate that either the 
pyrgeometer reads much too high or the pyranometer much too low, 
when the pyranometer observations are reduced as above explained. 

Recently Mr. L. B. Aldrich has constructed and tried on Mt. 
Wilson a new instrument for measuring nocturnal radiation which is 
designed on the principle of the hollow chamber black body. Pre- 
liminary comparisons between this instrument and the pyranometer 
seem to show that we ought perhaps to use a coefficient of radiation 
for the latter under 95 per cent, or more nearly 80 per cent, so that 
perhaps the values here given should be increased by about 16 per 
cent, and also those published by Mr. Aldrich in his paper entitled 
“ The Smithsonian Eclipse Expedition of June 8, 1918.” However, 
the matter is not yet settled and requires further investigation. 
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PYRANOMETRIC OBSERVATIONS OF THE PARTIAL 
RCEIPSE OF THE SUN OF DECEMBER 3, 1918 


Observations similar to those of May 29, 1919, were carried on by 
A. F. Moore and L. H. Abbot at the Smithsonian Observatory near 
Calama, Chile, during the partial solar eclipse of December 3, 1918. 
The sky radiation was measured on a horizontal surface by the 
pyranometer during the progress of the eclipse, and the intensity 
of the solar radiation on a surface normal to the beam was observed 
with a pair of pyrheliometers mounted equatorially. 

In the accompanying curves the sky radiation is plotted to a scale 
ten times as large as that for the solar values. It will be seen that 
the curves are almost identical in shape, showing that throughout the 
eclipse the light from the sky falling on a horizontal surface was 
nearly directly proportional to the intensity of the solar radiation 
as measured on a surface normal to the beam. This proportionality 
would probably not hold under other circumstances when the change 
of solar intensity would be produced by atmospheric changes instead 
of by causes outside the atmosphere as during the eclipse. The 
departure from the means of the values before and after the eclipse, 
to the lowest point, is practically the same for both sun and sky. The 
drop in the solar radiation is 60 per cent and in the sky radiation 58 
percent. (See fig. 3.) 

Following are the values obtained of the sky and solar radiation, 
at the hour angles and the apparent altitudes of the sun indicated. 


PARTIAL ECLIPSE OF DECEMBER 3, 1918 


I 2 3 4 
Pyranometer Pyrheliometer 
Calories Calories 
Sky Radiation Solar Radiation Apparent 
Horizontal Normal to Altitude 
Hour Angle Surface Beam of Sun 
—3'5r™ .0707 aged pe 27 OP 
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NEW SPECIES OF PIPER FROM PANAMA * 
By CASIMIR DE CANDOLLE 


PIPER MINUTISPICUM C. DC., n. sp. 

Ramulis glabris; foliis modice petiolatis glabris, limbo ovato- 
lanceolato basi ima leviter inaequilatera utrinque acuto apice acute 
acuminato, nervo centrali nervos adscendentes altero latere 4 altero 
5 mittente quorum supremus a 2.5 cm. supra basin solutus et infimus 
aliis multo brevior, petiolo paullo ultra basin vaginante ; pedunculo 
glabro quam petiolus multo breviore, spica brevissima rotundata apice 
mucronata, rhachi parcissime pilosa, bracteae glabrae superne cucul- 
latae vertice triangulari carnoso, antheris ovatis filamenta tenuia 
paullo superantibus, connectivo ultra thecas obtuse producto. 

Dioicum. Ramuli spiciferi 1 mm. crassi, collenchyma in fascicu- 
los discretos a latere longe productos dispositum et zona interna 
ex parte libriforme, fasciculi intramedullares 1-seriati, canalis lysi- 
genus nullus. Limbi in sicco membranacei creberrime pellucido- 
punctulati, superi usque ad 9 cm. longi et 4 cm. lati. Petioli usque 
ad limbi latus longius 6 mm., inter limbi latera 2 mm. longi. Pedun- 
culi 5 mm. longi, tenues, spicae juveniles 4 mm. longae et 2 mm. 
crassae. Stamina 3, antherae 4-valvatae—Species ut videtur sec- 
tionis Eupiper C. DC. aC 

PaNaAMA: Oak and palm forest above Sabana de F1 Salto, above 
Boquete, Chiriqui, alt. 1,500-1,750 m., H. Pittier 3116. 


PIPER SPERDINUM C. DC., n. sp. 


Ramulis villosis; foliis brevissime petiolatis, limbo oblongo-ovato 
basi valde inaequilatera altero latere auriculato altero subacuto apice 
acute et longe acuminato supra glabro subtus villoso, nervo centrali 


* The botanical collections made during the progress of the biological survey 
of Panama, conducted by the Smithsonian Institution several years ago, con- 
tain many specimens of Piperaceae, which, together with other unidentified 
material, were sent to the late Casimir de Candolle, the preeminent authority 
upon this family, for elaboration. Among the Panama specimens are repre- 
sented 27 new species and four new varieties; descriptions of these, by 
Mr. de Candolle, are given herewith, the types being in the U. S. National 
Herbarium. The results of Mr. de Candolle’s study of the Central American 
material, chiefly from Guatemala and Costa Rica, will be presented else- 
FREDERICK V. COovILLe. 


where. 


SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 71, No. 6 


2 SMITHSONIAN MISCELLANEOUS COLLECTIONS VOL. 71 


nervos adscendentes utrinque 3 mittente quorum supremus e 6 cm. 
supra basin solutus nervis lateralibus altero latere 3 altero 5-6 a basi 
divaricantibus, petiolo dense villoso basi vaginante ; pedunculo dense 
hirtello petiolum superante, spica matura quam limbi dimidium paul- 
lulo breviore longe mucronata mucrone filiformi villoso, rhachi hir- 
suta, bracteae apice truncato-peltatae vertice triangulari postice acute 
producto et pilis duobus longis munito, pedicello angusto hirsuto, 
antheris ovatis filamenta superantibus, ovario libero glabro ovato- 
acuto, stigmatibus linearibus, bacca obpyramidato-trigona glabra. 

Frutex humilis. Ramuli spiciferi usque ad 3 mm. crassi, collen- 
chyma in fasciculos discretos a latere longe productos dispositum 
partim libriforme, fasciculi intramedullares 1-seriati, canalis lysigenus 
nullus. Limbi in sicco membranacei minutissime pellucido-punctu- 
lati, usque ad 19.5 cm. longi et 8.5 cm. lati. Petioli usque ad limbi 
latus longius circiter 6 mm. et inter limbi latera fere 2 mm. longi. 
Pedunculi 16 mm. longi. Spicae*maturae 7 cm. longae et 3 mm. 
crassae, mucro I cm. longus. Stamina 3 ad basin baccae rhachi 
inserta. Stigmata 3 sessilia. Bacca 1 mm. longa in sicco nigra 
asperulata. 

Panama: Hills of Sperdi, near Puerto Obaldia, San Blas Coast, 
alt. 20-200 m., H. Pittier 4348. 

forma b. Limbo minore usque ad 17 cm. longo et 7 cm. lato. 

‘Panama: High hills back of Puerto Obaldia, alt. 50-200 m., 
F, Pittter 4301. 


PIPER CHIRIQUINUM C. DC,, n. sp. 


Ramulis glabris gracilibus; foliis modice petioletis glabris, limbo 
ovato-lanceolato basi aequilater acuto apice sat longe et obtuse 
acuminato, 7-plinervio nervo centrali fere a 1.5 cm. supra basin 
trifido nervis lateralibus adscendentibus utrinque 2 a basi solutis, 
petiolo basi ima vaginante; pedunculo glabro quam petiolus fere 
duplo breviore, spica submatura quam limbus paullo breviore apice 
subacuta, rhachi pilosa; bracteae pelta triangulari glabra, pedicello 
angusto piloso, antheris parvis rotundatis quam filamenta brevioribus, 
ovario libero glabro, stigmatibus linearibus. 

Ramuli spicifer1 1 mm. crassi in sicco pallidi, collenchyma libri- 
forme in fasciculos discretos dispositum, fasciculi intramedullares 
I-seriati, canalis lysigenus nullus. Limbi in sicco membranacei 
minutissime pellucido-punctulati, 10 cm. longi, 3.5 cm. lati. Petioli | 
12 mm., pedunculi 6 mm. longi. Spicae submaturae 6.5 cm. longae 
paullo sub 2mm. crassae. Stamina 3 basi ima baccae adnata, antherae 
fere 0.25 mm. longae. Stigmata 3 sessilia. 


NO. 6 NEW SPECIES OF PIPER FROM PANAMA—CANDOLLE Bakers; 


PANAMA: Pastures around El Boquete, Chiriqui, alt. 1,000- 
1,300 m., H. Pittier 2930. 

forma b. Limbo paullo majore usque ad 11 cm. longo et 4 cm. 
lato, spica submatura 7.5 cm. longa. Frutex circiter 2 m. altus. 

PANAMA: Forests along Rio Ladrillo and vicinity, above El 
Boquete, Chiriqui, alt. 1,000-1,300 m., W. R. Maxon 5557 (type), 
5558; H. Pittier 4944. 


PIPER HIRTELLIPETIOLUM C. DC., n. sp. 


Ramulis primum parce hirtellis cito glabris; foliis breviter petio- 
latis, limbo oblongo-elliptico-lanceolato basi leviter inaequilatera 
utrinque acuto apice acute et sat longe acuminato supra subtusque 
glabro, nervo centrali nervos adscendentes utrinque 3-4 mittente 
quorum supremus a 4-3 longitudinis centralis solutus, petiolo parce 
hirtello basi ima vaginante; pedunculo glabro petiolum aequante, 
spica matura limbi dimidium subaequante apice obtusa, rhachi hir- 
suta, bracteae pelta triangulari margine pedicelloque angusto dense 
et longe hirsutis, antheris rotundato-reniformibus filamenta oblonga 
paullo superantibus, ovario libero glabro, stigmatibus linearibus, 
bacca subtetragona glabra. 

Ramuli spiciferi 2 mm. crassi, collenchyma in fasciculos discretos 
dispositum et zona interna libriforme, fasculi intramedullares 
I-seriati, canalis lysigenus nullus. Limbi in sicco membranacei 
creberrime pellucido-punctulati, usque ad 12.3 cra. longi et 3.4 cm. 
lati. Petioli usque ad latus longius fere 5 mm., inter limbi latera 
2mm., pedunculi 7 mm. longi. Spica matura circiter 4.5 cm. longa 
et 3 mm. crassa, stamina 3 basi ima baccae adnata, bacca in sicca 
nigra, stigmata 3 sessilia. 

PaNnAMA: Along streamlet, vicinity of David, Chiriqui, alt. 
30-80 m., H. Pittier 2932. 


PIPER PALMASANUM C. DC., n. sp. 


Ramulis glabris ; foliis modice petiolatis, limbo oblongo-ovato basi 
leviter inaequilatera rotundato apice acute et sat longe acuminato, 
supra glabro subtus ad nervos nervulosque hirtello, nervo centrali 
nervos utrinque 4 mittente quorum superi 3 adscendentes quorum 
supremus circiter a 4 cm. supra basin et infimis fere a basi soluti, 
petiolo primum puberulo et cito glabro paullo infra medium vagi- 
nante, pedunculo petiolum aequante puberulo, spica sub anthesi quam 
limbus pluries breviore mucronulata, bracteae pelta triangulari in 
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medio carnosa et umbonata, margine pedicelloque angusto dense et 
sat longe hirsutis, antheris rotundatis, ovario libero glabro. 

Frutex. Ramuli spiciferi I mm. crassi, collenchyma in fasciculos 
discretos dispositum et zona interna libriforme, fasciculi intramedul- 
lares I-seriati, canalis lysigenus nullus. Limbi in sicco membranacei 
creberrime pellucido-punctulati obscure virescentes, superi 10.4 cm. 
longi et usque ad 4.5 cm. lati, subsequentes basi aequilateri usque ad 
T5 cm. longi et 5.7 cm. lati. Petioli superi usque ad limbi latus longius 
circiter 7 mm., inter limbi latera paullulo ultra 1 mm. longi. Spica 
adhuc juvenilis 1.7 cm. longa, 2 mm. crassa in sicco canescens. 
Stamina 3. 

PanaMA: Humid forest of Cuesta de las Palmas, southern slope 
of Cerro de la Horqueta, Chiriqui, alt. 1,700-2,100 m., H. Pittier 
2225. 

PIPER TABOGANUM C. DC., n. sp. 

Ramulis villosulis ; foliis modice petiolatis, limbo elliptico-oblongo 
basi inaequilatera altero latere rotundato altero subrotundato sub- 
acutove apice acute attenuato utrinque hirtello, nervo centrali nervos 
altero latere 5 altero 6 mittente quorum supremus a fere 6 cm. supra 
basin solutis, superi 5 adscendentes, infimus brevissimus subadscen- 
dens arcuatus, petiolo dense hirtello paullo ultra basin vaginante; 
pedunculo parce hirtello petiolum fere aequante, spica matura quam 
limbus paullo breviore apice subacuta, rhachi hirsuta, bracteae pelta 
triangulari margine pedicelloque dense hirsutis, ovario libero ovato 
puberulo, bacca obpyramidato-trigona glabra, stigmatibus minutis. 

Ramuli spiciferi usque ad 2 mm. crassi in sicco nigrescentes, col- 
lenchyma continuum haud libriforme, fasciculi intramedullares 
I-seriati, canalis lysigenus nullus. Limbi in sicco membranacei 
minute pellucido-punctulati usque ad 11.5 cm. longi et 3.2. cm. lati. 
Petioli usque ad limbi latus longius 7 mm. inter limbi latera 4 mm. 
longi. Pedunculi 12 mm. longi. Spicae usque ad 9 cm. longae et 
2 mm. crassae, in sicco nigrae, stamina 3 basi ima baccae adnata, 
antherae in specimine delapsae. 

PaNAMA: Taboga Island, Gulf of Panama, alt. 0-250 m., 
H. Pittier 3529. 


PIPER PERSUBULATUM C. DC., n. sp. 


Ramulis villosis; foliis breviter petiolatis, limbo ovato-oblongo 
basi aequilatera utrinque subrotundato apice longissime subulato, 
utrinque et subtus densius villoso, nervo centrali nervos utrinque 7 
mittente quorum infimi 2 subadscendentes quam alii adscendentes 
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multo breviores, supremus ex 4 longitudinis solutus, petiolo villoso 
basi ima vaginante ; pedunculo villoso petiolum aequante, spica flor- 
ente limbi dimidium subaequante apice acuta, bracteae pelta trian- 
gulari antice acuta margine pedicelloque angusto villosis, antheris 
rotundato-ovatis filamenta oblonga fere aequantibus, ovario libero 
glabro, stigmatibus linearibus. 

Ramuli spiciferi 2 mm. crassi pilosi, collenchyma continuum zona 
interna interrupte libriforme, fasciculi intramedullares 1-seriati, 
canalis lysigenus nullus. Limbi in sicco membranacei epunctulati 
21-24 cm. longi, 6-8.5 cm. lati, acumen 2.5 cm. longum. Petioli usque 
ad 5 mm. longi. Spica florens fere 10 cm. longa usque ad 2 mm. 
crassa. Stamina 3 basi ima ovarii-adnata, ovarium ad rhachi elon- 
gatum. Stigmata 3 sessilia. 

' Panama: Loma de la Gloria, near Faté (Nombre de Dios), Prov- 
ince of Colon, alt. 10-104 m., H. Pittier 4240. 


PIPER LATIBRACTEUM C. DC., n. sp. 

Ramulis glabris ; foliis modice petiolatis, limbo ample oblongo-ovato 
basi ima levissime inaequilatera obtuso apice breviter et obtusiuscule 
acuminato, supra glabro subtus ad nervos velutine puberulo nervo cen- 
trali nervos subadscendentes arcuatos utrinque circiter 13 fere ex 2 
longitudinis suae mittente, petiolo glabro usque ad limbum vaginante ; 
pedunculo glabro quam petiolus multo breviore, spica quam limbus 
pluries breviore petiolum paullo superante apice mucronata, bracteae 
apice truncato-peltatae vertice late triangulari parte infera lata et 
dense hirtella, antheris rotundato-ovatis filamenta oblonga fere 
aequantibus, ovario rhachi profunde immerso superne libero conoideo 
ac carnoso et glabro, stigmatibus 2 linearibus lateralibus. 

Ramuli spiciferi 3 mm. crassi, collenchyma in fasciculos discretos 
dispositum et haud libriforme, fasciculi intramedullares 1-seriati, 
canalis lysigenus nullus. Limbi in sicco membranacei minute pellu- 
cido-punctulati, 21 cm. longi, 11-12 cm. lati. Petioli usque ad limbi 
latus longius 15 mm., inter limbi latera 1 mm. longi. Pedunculi fere 
g mm. longi. Spica matura usque ad 3 cm. longa et 8 mm. crassa; 
bractea apice fere 1.5 mm. lata. Stamina 4. 

Panama: Boca de Pauarandd, on Sambi River, southern Darién, 
alt. 20 m., H. Pittier 5588. : 


PIPER PUBISTIPULUM C. DC., n. sp. 

Ramulis dense hirsutis; foliis breviter petiolatis, limbo ovato- 
oblongo basi inaequilatera utrinque rotundato et semicordulato apice 
acutiuscule et sat longe acuminato, supra glabro subtus hirsuto, nervo 
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centrali nervos altero latere 6 altero 5 mittente quorum superi utrin- 
que 4-5 adscendentes infimi fere e basi divaricantes supremusque fere 
a 8 cm. supra basin solutus, petiolo dense hirsuto usque ad limbum 
vaginante ; pedunculo hirsuto quam petiolus multo breviore, spica 
quam limbus pluries breviore sat crassa et apice mucronata, rhachi 
glabra, bracteae glabrae vertice truncato- peltato triangulari pedicello 
sat lato supra concavo, antheris globosis filamenta aequantibus, ovario 
inferne rhachi immerso, superne libero et in stilum oblongum apice 
lateraliter bilobatum producto. 

Frutex 1 m. altus. Ramuli spiciferi 2 mm. crassi, collenchyma 
libriforme in fasciculos discretos dispositum fasciculi intramedul- 
lares I-seriati, canalis lysigenus nullus. Limbi in sicco minute pel- 
_ lucido-punctulati 17 cm. longi, 5 cm. lati. Stipulae extus hirtellag. 
Petioli usque ad limbi latus longius 8 mm., inter limbi latera 2 mm. 
longi. Pedunculi 5 mm. longi. Spicae florentes 1.7 cm. longae, 4 
mm. crassae. Stamina 4. 

PANAMA: Hills around the Agua Clara Reservoir, near Gatun, 
Canal Zone, alt. 20-30 m., H. Pittier 2661. 


PIPER PORTOBELLENSE C. DC., n. sp. 


Ramulis glabris emergentiis munitis ; foliis longe petiolatis, limbo 
ample ovato basi ima modice inaequilatera cordato lobis conniventibus 
apice acute acuminato, supra glabro subtus ad nervos nervulosque 
hirtello, nervo centrali nervos adscendentes utrinque 5 mittente 
quorum supremus fere a 2.2 cm. supra basin solutus, nervis laterali- 
bus utrinque 3 a petiolo divaricantibus, petiolo usque ad limbum 
vaginante dorso hirsuto et emergentiis dense munito; pedunculo 
glabro laevi petioli dimidium superante, spica quam limbus multo 
breviore apice obtusa, bracteae glabrae vertice truncato triangulari 
pedicello lato, bacca libera obovato-tetragona glabra. 

Arbuscula 4 m. et plus alta. Ramuli spiciferi fere 5 mm. crassi, 
collenchyma continuum zona interna libriforme, fasciculi intramedul- 
lares 2-3-seriati, canalis lysigenus unicus centralis. Limbi in sicco 
firmi minutissime pellucido-punctulati, 43 cm. longi et 25 cm. lati. 
Petioli 8.5 cm., pedunculi 6.5 cm. longi. Spica matura 17 cm. longa 
et fere usque ad I cm. crassa. Stamina 4 basi ima baccae adnata, 
bacca I.5 mm. longa.—Species forma foliorum ac emergentiis P. 
squamulosum C. DC. sat referens sed pilis brevioribus, bractea glabra 
ab illo discrepans. 

PanaMA: Around Porto Bello, Province of Colon, alt. 5-200 m., 
W. R. Maxon 5795. 
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PIPER OBALDIANUM C. DC., n. sp. 


Ramulis hirsutis; foliis modice petiolatis, limbo ovato-acuminato 
basi inaequilatera utrinque rotundato, apice acute acuminato, utrinque 
dense et breviter hirsuto, nervo centrali nervos altero latere 5 altero 
6 mittente, quorum supremus a 5 cm. supra basin solutus et superi 
5 adscendentes, petiolo dense hirsuto usque ad medium vaginante ; 
pedunculo hirsuto quam petiolus multo breviore, spica limbi dimidium 
subaequante, bracteae pelta triangulari pedicelloque angusto margine 
hirsutis, antheris rotundatis quam filamenta brevjoribus, bacca ob- 
pyramidato-trigona, stigmatibus linearibus. 

Ramuli spiciferi 3 mm. crassi, collenchyma continuum zona interna 
libriforme, fasciculi intramedullares I-seriati, canalis lysigenus 
nullus. Limbi in sicco membranacei, minute pellucido-punctulati, 
supra haud bullati nec scabri, usque ad 14.5 cm. longi et 7 cm. lati. 
Petioli usque ad limbi latus longius 10 mm., inter limbi latera 5 mm., 
pedunculi 6 mm. longi. Spica matura 5 cm. longa et 5 mm. crassa. 
Stamina 4. Stigmata 3 sessilia, bacca in sicco nigra. 

PANAMA: Forests around Puerto Obaldia, San Blas Coast, alt. 
0-50 m., H. Pittier 4366. 


PIPER DUMETICOLA C. DC., 8 PANAMENSE C. DC., n. var. 


Limbo oblongo-elliptico-lanceolato, basi et apice ut in specie, usque 
ad 12 cm. longo et fere 4 cm. lato, collenchymate in fasciculos dis- 
cretos a latere valde productos disposito et zona interna libriformi. 

PANAMA: Vicinity of Ola, Province of Coclé, alt. 100-350 m., 
H. Pittier 5034 (type). Sabana de Juan Corso, near Chepo, Province 
of Panama, alt. 60-80 m., Pittier 4539. Dry forests on limestone 
formation around Alhajuela, Chagres Valley, Pittier 3445. 


PIPER FATOANUM C. DC,, n. sp. 

Ramulis dense et breviter hirsutis; foliis modice petiolatis, limbo 
elliptico-subovato-lanceolato basi inaequilatera utrinque acuto vel 
altero latere subacuto, apice acute et sat longe acuminato, utrinque 
dense et breviter hirsuto, nervo centrali nervos adscendentes altero 
latere 5 altero 6 mittente quorum supremus fere a 7 cm. supra basin 
solutus, petiolo dense et breviter hirsuto fere usque ad medium 
vaginante; pedunculo hirsuto petiolum subaequante, spica matura 
limbi dimidium subaequante apice acuta, rhachi hirsuta, bracteae pelta 
triangulari pedicelloque angusto margine hirsutis, antheris ovatis 
quam filamenta tenuia paullo brevioribus, ovario libero glabro, stig- 
matibus linearibus, bacca obpyramidato-trigona glabra. 
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Arbuscula vel frutex circiter 1.5 m. altus. Ramuli spiciferi 1.5 
mm. crassi, collenchyma continuum zona interna interrupte libri- 
forme, fasciculi intramedullares 1-seriati. Limbi in sicco membran- 
acei minute pellucido-punctulati, usque ad 16 cm. longi et 4.8 cm. lati. 
Petioli usque ad limbi latus longius 7 mm., inter limbi latera 3 mm. 
longi. Spica matura 7-11.5 cm. longa et usque ad 4.5 mm. crassa. 
Stamina 4 rhachi inserta, bacca 1 mm. longa. 

PaNnaMA: Along the beach between Fato and Playa de Damas, 
Province of Color, H. Pittter 3935 (type). Around Gamboa, Canal 
Zone, in thickets, alt. 40-80 m., Pittter 3709. 


PIPER PALLIDIBRACTEUM CDC. un: sp: 


Ramulis hirsutis; foliis modice petiolatis, limbo ample elliptico- 
lanceolato basi inaequilatera utrinque acuto apice obtuse acuminato, 
utrinque haud dense hirsuto, nervo centrali nervos adscendentes 
altero latere 5 altero 6 mittente quorum infimi aliis multo breviores 
supremusque paullo sub 4 longitudinis centralis solutus, petiolo hir- 
suto fere usque ad 4 longitudinis suae vaginante ; pedunculo hirsuto 
quam petiolus paullo breviore, spica limbi dimidium subaequante 
mucronata, rhachi hirsuta, bracteae pelta triangulari margine pedicel- 
loque dense et pallide hirsutis, antheris rotundatis quam filamenta 
oblonga adulta multo brevioribus, bacca obpyramidato-trigona glabra, 
-stigmatibus linearibus. 

Ramuli spiciferi 3 mm. crassi, collenchyma continuum zona interna 
libriforme, fasciculi intramedullares I-seriati, canalis lysigenus 
nullus. Limbi in sicco membranacei minutissime pellucido-punctu- 
lati, haud scabri nec bullati, usque ad 19.5 cm. longi et fere 7 cm. 
lati. Petioli usque ad limbi latus longius fere 10 mm., inter limbi 
latera 3 mm. longi. Pedunculi 10 mm. longi. Spica circiter 10.5 
cm. longa et 2 mm. crassa. Stamina 4 rhachi inserta, bacca in sicco 
nigra. 

PANAMA: Forests around Puerto Obaldia, San Blas Coast, alt. 
0-50 m., H. Pittier 4396 (type). Rio Indio de Fatd, Province of 
Colon, near sea level, Pititer 4271. 


PIPER ADUNCUM L., y LAEVIFOLIUM C. DC., n. var. 


Limbo adulto basi tantum ad nervum centralem et parce hirtello, 
usque ad 16.2 cm. longo et 5.9 cm. lato. 

PaNAMA: Forests around Porto Bello, Province of Col6n, alt. 
5-10 m., at edge of forest, H. Pitter 2438. 
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PIPER PERACUMINATUM C. DC., n. sp. 


Ramulis dense villosis; foliis breviter petiolatis, limbo ample 
oblongo-elliptico basi inaequilatera cordulato apice longissime et 
acute acuminato, supra praesertim ad nervos subtus densius villoso, 
nervo centrali nervos utrinque 5 mittente quorum supremus a 7 cm. 
supra basin solutus, superi adscendentes, inferi altero latere 2 altero 
3 aliis multo breviores, petiolo dense villoso usque ad limbi latus 
longius vaginante ; pedunculo villoso petiolum superante, spica sub- 
matura limbi dimidium paullo superante apice mucronulata, rhachi 
hirtella, bracteae pelta lunulata margine pedicelloque angusto dense 
et sat longa villosis, antheris ovatis quam filamenta oblonga breviori- 
bus, bacca libera matura tetragona vertice dense puberula, stigmati- 
bus linearibus. 

Arbuscula. Ramuli spiciferi usque ad 4 mm. crassi, pili longi, | 
collenchyma continuum zona interna libriforme, fasciculi intramedul- 
lares I-seriati, canalis lysigenus nullus. Limbi in sicco firme mem- 
branacei crebre pellucido-punctulati, usque ad 22.5 cm. longi et 11 
cm. lati. Petioli usque ad limbi latus longius 1o mm., inter limbi 
latera fere 2 mm., pedunculi 24 mm. longi. Spicae circiter 13 cm. 
longae et usque ad 5 mm. crassae. Stamina 4. Stigmata 3 sessilia. 

PanaMa: Around Dos Bocas, Rio Fatd Valley, Province of 
Col6n, alt. 40-80 m., in dense forest, H. Pittier 4210 (type). Rio 
Indio de Faté, in shady woods, Pittier 4254. 


PIPER DAVIDIANUM C. DC., n. sp. 


Ramulis glabris; foliis modice petiolatis glabris, limbo ample 
elliptico-lanceolato basi inaequilatera altero latere rotundato altero 
acuto, apice acute acuminato, nervo centrali nervos adscendentes 
altero latere 5 altero 6 mittente quorum supremus fere a medio cen- 
tralis solutus, petiolo basi ima vaginante; pedunculo glabro petiolum 
aequante ; spica matura limbi dimidium fere aequante apice obtusa, 
rhachi glabra, bracteae pelta triangulari margine hirtella pedicello 
angusto parce hirtello, antheris rotundatis quam filamenta oblonga 
brevioribus, stigmatibus linearibus, bacca libera tetragona glabra. 

Frutex 2 m. altus. Ramuli spiciferi usque ad 3 mm. crassi, col- 
lenchyma in fasciculos discretos dispositum zona interna librilforme, 
fasciculi intramedullares 1-seriati. Limbi in sicco membranacei pel- 
lucido-punctulati, 18-19 cm. longi, 7.5-8 cm. lati. Petioli usque ad 
limbi latus longius 7 mm., inter limbi latera 4 mm. longi. Spica 
matura 8.5 cm. longa et 3 mm. crassa. Stamina 4 paullo supra basin 
baccae inserta. Stigmata 3 sessilia. . 

PanaMA: Vicinity of David, Chiriqui, alt. 30-80 m., along stream- 
let, H. Pitiier 2837. 
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PIPER LUCIGAUDENS C. DC., n. sp. 


Ramulis hirsutis; foltis breviter petiolatis, limbo elliptico-lanceo- 
lato a nervo centrali sat inaequilatero basi inaequilatera altero latere 
subrotundato altero acuto, apice acute et longe acuminato, supra 
glabro subtus praesertim ad nervos hirsuto, nervo centrali nervos 
adscendentes altero latere 5 altero 6 mittente quorum supremus fere 
ex 4 longitudinis centralis solutus, petiolo hirsuto basi ima vaginante ; 
pedunculo puberulo quam petiolus paullo breviore, spica subflorente 
quam limbi dimidium paullo breviore apice mucronulata, rhachi 
puberula, bracteae pelta triangulari margine pedicelloque angusto 
hirtellis, antheris reniformibus, ovario glabro. 

Arbor 3-4 m. alta. Ramuli spiciferi 1.5 mm. crassi, collenchyma in 
fasciculos discretos dispositum zona interna libriforme, fasciculi 
intramedullares I-seriati, canalis lysigenus nullus. Limbi in sicco 
membranacei creberrime pellucido-punctati, usque ad 17.5 cm. longi, 
in medio altero latere a nervo centrali 3.3 cm. altero 2.5 cm. lati. 
Petioli usque ad limbi latus longius 5 mm., inter limbi latera 4 mm., 
pedunculi circiter 7 mm. longi. Spicae subflorentes circiter 5.5 cm. 
longae et usque ad 2 mm.crassae. Stamina 4. Stigmata 3. 

PANAMA: Forest along the Rio Indio de Gattn, Canal Zone, near 
sea level, in sunny second growth, H. Pittier 2791 p. p. 


PIPER ERECTAMENTUM C. DC,, n. sp. 


Ramulis dense hirsutis; foliis breviter petiolatis, limbo ovato- 
acuminato basi ima leviter inaequilatera utrinque rotundato, apice 
acute et longe acuminato, supra glabro subtus ad nervos dense et 
adpresse hirsuto, nervo centrali nervos utrinque 5 mittente quorum 
supremus ex fere 4 longitudinis centralis solutus superi adscendentes 
infimi subascendentes, petiolo hirsuto basi ima vaginante; pedunculo 
fere glabro petiolum subaequante, spica florente quam limbi dimidium 
paullo breviore mucronata, rhachi hirsuta, bracteae pelta triangulari 
margine pedicelloque subaequilato hirsutis, antheris reniformibus 
quam filamenta oblonga latiuscula paullo brevioribus, ovario ovato 
superne hirsuto, stigmatibus oblongo-ovatis. ; 

Ramuli spiciferi 2 mm. crassi, collenchyma continuum zona interna 
libriforme, fasciculi intramedullares 2-seriati, cellulae rubrae in cor- 
tice et in medulla creberrimae, canalis lysigenus nullus. Limbi in 
sicco membranacei crebre pellucido-punctulati, usque ad 17 cm. longi 
et 7.7 cm. lati. Petioli usque ad limbi latus longius 7 mm., inter limbi 
latera 2mm., pedunculi 8 mm. longi. Spica florens 7 cm. longa, usque 
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ad 3 mm. crassa, in vivo erecta. Stamina 4 supra basin ovarii inserta. 
Stigmata 3 sessilia. Ovarii parietes cellulis rubris farctae. 

PANAMA: Humid forests around Los Siguas Camp, southern 
slope of Cerro de la Horqueta, Chiriqui, alt. about 1,700 m., H. Pit- 
iter 3191. 

PIPER COLONENSE C. DC., n. sp. 

Ramulis puberulis ; foliis breviter petiolatis, limbo ample oblongo- 
elliptico basi inaequilatera utrinque rotundato, apice acute acumi- 
nato, supra ad nervum centralem puberulo subtus ad nervos minute 
puberulo, nervo centrali nervos utrinque 6 mittente quorum supremus 
a IO-II cm. supra basin solutus, superi 4 adscendentes, infimus patule 
subadscendens et aliis magis arcuatus, petiolo minutissime puberulo 
usque ad limbi latus longius vaginante; pedunculo minutissime 
puberulo petiolum fere aequante, spica florente quam limbus fere 
triplo breviore apice obtusa, rhachi glabra, bracteae pelta triangulari 
margine pedicelloque angusto dense villosis, antheris reniformibus 
connectivo inferne obconico sat longe producto filamenta oblonga 
paullo superantibus, ovario glabro ovato-acuto, stigmatibus linearibus. 

Frutex 2.5 m. altus. Ramuli spiciferi usque ad 4 mm. crassi, col- 
lenchyma continuum zona interna libriforme, fasciculi intramedul- 
lares I-seriati, canalis lysigenus nullus. Limbi in sicco firme mem- 
branacei creberrime pellucido-punctulati, usque ad 30 cm. longi et 
11.5 cm. lati. Petioli usque ad limbi latus longius 15 mm., inter limbi 
latera 5 mm. longi. Spica florens 9.5 cm. longa, usque ad 3 mm. 
crassa. Stamina 4 basi ima baccae adnata. 

PanaMA: Around Dos Bocas, Rio Fato Valley, Province of 
Colon, alt. 40-80 m., in dark forest, H. Pittier 4221. 


PIPER VILLIRAMULUM C. DC., n. sp. 


Ramulis junioribus villosis cito glabris; foliis modice petiolatis, 
limbo ovato-acuminato basi inaequilatera altero latere rotundato 
altero subrotundato, apice acute et sat longe acuminato, utrinque 
dense hirsuto et supra scabrido, a nervo centrali distincte inaequi- 
latero, nervo centrali nervos altero latere 7 altero 8 mittente, quorum 
superi utrinque 4 adscendentes, inferi 2-3 patule subadscendentes 
aliis multo breviores et tenuiores, supremus fere a medio centralis 
solutus, petiolo dense hirsuto basi ima vaginante ; pedunculo hirsuto 
quam petiolus paullo breviore, spica submatura quam limbi dimidium 
paullo breviore obtusa, rhachi glabra, bracteae pelta triangulari mar- 
gine pedicelloque angusto hirtellis, antheris rotundatis quam fila- 
menta oblonga paullo brevioribus, ovario glabro, stigmatibus lineari- 
bus, bacca tetragona glabra. 
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Arbuscula. Ramuli in sicco flavicantes, spiciferi usque ad 4 mm. 
crassi, collenchyma in fasciculos discretos dispositum et zona interna 
libriforme, fasciculi intramedullares 1-seriati, canalis lysigenus 
nullus. Limbi in sicco membranacei virides minute pellucido-punc- 
tulati, usque ad 17 cm. longi et 7.8 cm. lati, stipulae villosae. Petioli 
usque ad limbi latus longits 6 mm., inter limbi latera fere 2 mm., 
pedunculi 7 mm. longi. Spica submatura 8 cm. longa fere 2.5 mm. 
crassa. Stamina 4 basi ima baccae adnata, bacca 0.5 mm. longa. 
Stigmata 3 sessilia cito decidua. 

“Panama: Loma de la Gloria near Fato (Nombre de Dios), Proy- 
ince of Colén, in forests, alt. 10-104 m., H. Pittier 4083 (type). 
Sabana de Juan Corso, near Chepo, Province of Panama, alt. 60-80 
m., Pittier 4537. . 


PIPER HISPIDUM Sw., var. GAMBOANUM C. DC., n. var. 


Limbo ovato-acumirato, basi fere aequilatera utrinque rotundato 
apice acute acuminato, subtus ubique hirsuto, usque ad 8.5 cm. longo 
et 3.3 cm. lato; pedunculo quam petiolus paullo breviore. 

Panama: Around Gamboa, Canal Zone, alt. 20-100 m., H. Pit- 
tier 2430. | 


PIPER TENUIMUCRONATUM C. DC., n. sp. 


Ramulis glabris tenuibus; foliis modice petiolatis glabris, limbo 
elliptico-lanceolato basi leviter inaequilatera utrinque acuto, apice 
longe acuminato subulatoque, nervo centrali nervos adscendentes 
tenues altero latere 3 altero 4 mittente, quorum supremus a circiter 
3.5 cm. stipra basin solutus, petiolo glabro basi ima vaginante ; pedun- 
culo glabro petiolum superante, spica florente limbi dimidium 
aequante apice tenuiter mucronata, rhachi parce pilosa, bracteae ver- 
tice truncato-lunulato margine pedicelloque flavide hirtellis, antheris 
ovatis filamenta tenuia fere aequantibus, ovario glabro, stigmatibus ~ 
linearibus. 

Frutex 2 m. altus. Ramuli spiciferi 1 mm. crassi, collenchyma in 
fasciculos discretos dispositum et.zona interna libriforme, fasciculi 
intramedullares 1-seriati, canalis lysigenus nullus. Limbi in sicco 
membranacei creberrime pellucido-punctulati usque ad 10 cm. longi 
et 4.4 cm. lati. Petioli usque ad limbi latus longius 7 mm., inter limbi 
latera vix 2 mm., pedunculi 23 mm. longi. Spicae florentes 5 cm. 
longae, 2 mm. crassae. Stamina 5, antherae 0.5 mm. longae. 
Bacca verisimiliter tetragona. 
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PaNnaMA: Humid forest around Los Siguas Camp, southern slope 
of Cerro de la Horqueta, Chiriqui, alt. about 1,700 m., W. R. Maxon 
5421 (type); H. Pittier 3185. Forests along the Rio Ladrillo and 
vicinity, above El Boquete, Chiriqui, alt. 1,200-1,300 m., Maron 5395. 


PIPER CHAMISSONIS Steud., B RUBELLIBRACTEUM C. DC., n. var. 


Limbo usque ad 17 cm. longo et 6.2 cm. lato, bractea rubelle punc- 
tata, bacca vertice velutina. 

PANAMA: Forests around El Boquete, Chiriqui, alt. 1,000-1,300 
m., H. Pittier 2899. 


PIPER SAMBUANUM C. DC., n. sp. 


Ramulis glabris; foliis brevissime petiolatis glabris, limbo ellip- 
tico-lanceolato basi ima leviter inaequilatera utrinque acuto sub- 
acutove, apice obtuse et sat longe acuminato, nervo centrali nervos 
adscendentes utrinque 5 mittente quorum infimus aliis multo brevior 
et tenuior, supremus circiter a medio centralis solutus, petiolo basi 
ima vaginante; pedunculo glabro petiolum paullo superante, spica 
florente limbi dimidium fere aequante apice mucronulata, rhachi 
hirtella, bractea pelta triangulari margine pedicelloque angusto hir- 
sutis, antheris rotundatis quam filamenta multo brevioribus, ovario 
glabro, stigmatibus linearibus. 

Ramuli spiciferi 2 mm. crassi, collenchyma in fasciculos discretos 
dispositum, zona interna libriforme, fasciculi intramedullares 
I-seriati, cellulae fuscescentes in cortice et in medulla creberrimae. 
Limbi in sicco firmi minute pellucido-punctulati, 15-16 cm. longi, 
5-6.5 cm. lati. Petioli usque ad limbi latus longius 6 mm., inter 
limbi latere fere 2 mm., pedunculi 10 mm. longi. Spicae florentes 
9 cm. longae et fere usque ad 2 mm. crassae. Stamina 4 basi ima 
baccae adnata. Stigmata 3 sessilia. 

PaNnAMA: Foothills of Garagara, Sambui Basin, southern Darién, 
“alt. 30-500 m., H. Pittier 5663 (type), 5726. 


PIPER CALLIBRACTEUM C. DC., n. sp. 


Ramulis glabris albido-verruculosis ; foliis modice petiolatis gla- 
bris, limbo ovato-lanceolato basi leviter inaequilatera utrinque acuto, 
apice acute et longe acuminato, nervo centrali nervos adscendentes 
utrinque 5 mittente quorum supremus fere a medio centralis solutus, 
petiolo basi ima vaginante albido-verruculoso; pedunculo glabro 
petiolum fere aequante, spica matura limbi dimidium superante apice 
mucronata rhachi glabra, bracteae pelta triangulari dorso in callum 
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obtusum glabrum producta marginibus pedicelloque angusto hirtellis, 
antheris reniformibus quam filamenia adulta paullo brevioribus, 
stigmatibus linearibus, bacca tetragona vertice velutino-puberula. 

Ramuli spiciferi 2 mm. crassi, collenchyma in fasciculos discretos a 
latere productos dispositum haud libriforme, cellulae aurantiacae 
in cortice et in medulla crebrae, fasciculi intramedullares 1-seriati, 
canalis lysigenus nullus. Limbi in sicco firme membranacei crebre 
pellucido-punctulati, usque ad 16 cm. longi et 7.9 cm. lati. Petioli 
usque ad limbi latus longius 12 mm., inter limbi latera 2 mm., pedun- 
culi fere 15 mm. longi. Spicae maturae fere 10.5 cm. longae et 3 
mm. crassae. Stamina 4 basi ima baccae adnata, bacca I mm. longa. 

PANAMA: Forests around El Boquete, Chiriqui, alt. 1,000-1,300 
m., H. Pittier 2940. 


PIPER SUBNUDIBRACTEUM C. DC., n. sp. 


Ramulis glabris verruculosis; foliis breviter petiolatis, limbo 
elliptico-lanceolato basi inaequilatera utrinque acuto, apice acute 
et longe acuminato, supra glabro subtus ad nervos nervulosque 
piloso, nervo centrali nervos adscentes utrinque 5 mittente, quorum 
supremus fere a medio centralis solutus, petiolo glabro basi ima 
vaginante verruculoso; pedunculo glabro parce verruculoso petiolum 
superante gracili, spica subflorente quam limbi dimidium paullo 
breviore mucronulata, bracteae pelta triangulari margine pedicel- 
loque angusto minute hirtellis. 

Ramuli spiciferi usque ad 2 mm. crassi, collenchyma in fasciculos 
discretos dispositum, zona interna libriforme, fasciculi intramedul- 
lares I-seriati, canalis lysigenus nullus, cellulae rubescentes in medulla 
crebrae. Limbi in sicco membranacei creberrime pellucido-punc- 
tulati, usque ad 18 cm. longi et 6 cm. lati. Petioli usque ad limbi latus 
longius 5 mm., inter limbi latera 3 mm., pedunculi 13 mm. longi. 
Spica subflorens 8 cm. longa 2 mm. crassa in sicco subfuscescens. 
Stamina 4.—Species P. uspatanensi C. DC. e Guatemala proxima, 
ramulis omnino glabris, bracteae pelta subglabra limbo minore ab 
illo discrepans. 

PANAMA: Between Cerro Vaca and Hato del Loro, eastern Chi- 
riqui, alt. 850-1,000 m., H. Pittier 5390. 


PIPER NITIDIFOLIUM C. DC., n. sp. 


Ramulis glabris ; foliis longiuscule petiolatis, limbo ovato-elliptico- 
lanceolato basi inaequilatera utrinque acuto, apice acute et longe 
acuminato, supra glabro subtus ad nervos adpresse hirtello, nervo 
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centrali nervos adscendentes utrinque 4 mittente, quorum supremus 
fere a medio centralis solutus petiolo glabro basi ima vaginante ; 
pedunculo glabro quam petiolus breviore, spica florente limbi dimi- 
dium fere aequante apice mucronata, rhachi glabra, bracteae pelta 
lunulata margine pedicelloque angusto hirtellis, antheris reniformibus 
quam filamenta tenuia paullo brevioribus, ovario glabro, stigmatibus 
linearibus. 

Frutex 2-3 m. altus. Ramuli spiciferi 3 mm. crassi, collenchyma 
continuum zona interna interrupte libriforme, fasciculi intramedul- 
lares 2-seriati, canalis lysigenus nullus. Limbi in vivo utrinque nitidi 
in sicco membranacei creberrime pellucido-punctulati, usque ad 21 
em. longi et 9 cm. lati. Petioli usque ad limbi latus longius usque 
ad 17 mm., inter limbi latera usque ad 6 mm., pedunculi 17 mm. longi. 
Spicae florentes 8.5 cm. longae 3 mm. crassae. Stamina 4 alte ovario 
inserta——Species P. epigynio C. DC. e Costa Rica proxima, pilis 
multo brevioribus, pedunculo breviori, nervorum lateralium numero 
ab illo discrepans. 

PANAMA: Vicinity of El Boquete, Chiriqui, alt. 1,000-1,300 m., 
in forest ravine, VW. R. Maxon 4943. 


PIPER GARAGARANUM C. DC., n. sp. 


Ramulis dense villosis; foliis breviter petiolatis, limbo elliptico- 
lanceolato basi leviter inaequilatera utrinque acuto, apice acute 
attenuato, utrinque villoso, nervo centrali nervos adscendentes utrin- 
que 4 mittente quorum supremus fere ex 5.5 cm. supra basin 
solutus, petiolo dense villoso basi vaginante; pedunculo villoso 
petiolum aequante, spica florente quam limbus pluries breviore apice 
obtuso, bractea rotundato-obovata superne inflexa extus glabra intus 
hirsuta, antheris rotundatis quam filamenta oblonga paullo breviori- 
bus, ovario libero glabro ovato, stigmatibus rotundatis. 

Ramuli spiciferi 2 mm. crassi, collenchyma in fasciculos discretos 
dispositum haud libriforme, fasciculi intramedullares 1-seriati, 
canalis lysigenus nullus. Limbi in sicco membranacei creberrime 
pellucido-punctulati, usque ad 17 cm. longi et 6.3 cm. lati. Petioli 
usque ad limbi latus longius circiter 4 mm., inter limbi latera fere 
3 mm., pedunculi 6 mm. longi. Spicae florentes 1.7 cm. longae et 
3mm. crassae. Stamina 4 rhachi ad basin ovarii inserta. 

Panama: Foothills of Garagara, Sambi Basin, southern Darién, 
alt. 30-500 m., H. Pittier 5618. 
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PIPER MAXONII C. DC., n. sp. 

Ramulis glabris; foliis peltatis sat longe petioiatis glabris, limbo 
2.5 cm. supra basin peltato rotundato-ovato basi leviter inaequilatera 
sinuato-cordulato, apice breviter et acute acuminato, 13-plinervio 
nervo centrali nervos adscendentes utrinque 3 mittente quorum 
supremus a 6 cm. supra basin solutus, nervis lateralibus utrinque 3 a 
petiolo divaricantibus, petiolo usque ad limbum vaginante ; pedunculo 
glabro petioli dimidium fere aequante spica florente quam limbus 
paullo breviore apice acuta rhachi glabra bracteae vertice truncato- 
peltato carnoso margine supero longe infero breviter hirsuto, 
pedicello oblongo glabro supra canaliculato, antheris ovatis quam 
filamenta longa et tenuia brevioribus, ovario basi in rhachi immerso 
glabro, stigmatibus brevibus. 

Frutex 3 m. altus, ramuli spiciferi circiter 4 mm. crassi, collen- 
chyma in fasciculos discretos et approximatos dispositum haud vel 
zona interna parce libriforme, canalis lysigenus nullus. Limbi in 
vivo supra obscure subtus pallide virescentes in sicco membranacei 
creberrime pellucido-punctulati, 23 cm. longi et usque ad 19.5 cm. 
lati. Petioli 7 cm. longi. Spicae florentes circiter 16 cm. longae et 
4mm. crassae. Stamina 4. Stigmata 3 sessilia. 

PANAMA: Vicinity of El Boquete, alt. 1,000-1,300 m., wet wooded 
ravine, W. Rk. Maxon 5050 (type). Forests along the Rio Ladrillo 
and vicinity, above El Boquete, Chiriqui, shady places between the 
Ladrillo and first hill, alt. 1,200-1,300 m., H. Pittier 3163; along the 
river, H. Pittier 3164. 


PIPER MAGNANTHERUM C. DC., n. sp. 


Ramulis foliisque modice petiolatis glabris et creberrime rubes- 
cente-punctulatis, limbo elliptico-oblongo basi inaequilatera utrinque 
acuto, apice acute et sat longe attenuato, nervo centrali nervos ad- 
scendentes utrinque 4 mittente quorum supremus paullo infra 
medium centralis solutus, petiolo basi ima vaginante; pedunculo 
glabro quam petiolus multo breviore, spica florente quam limbus 
pluries et quam petiolus paullo breviore cylindrica apice mucronulata 
rhachi hirsuta, bracteae vertice truncato late triangulari margine 
pallide et dense hirsuto parte infera lata hirsuta, antheris magnis 
carnosis filamenta tenuia multo superantibus. 

Ramuli spiciferi 1.75 mm. crassi, collenchyma in fasciculos dis- 
cretos dispositum et haud libriforme, fasciculi intramedullares 
I-seriati, cellulae fuscescentes magnae in cortice et in medulla cre- 
brae. Limbi in sicco membranacei 14.5 cm. longi et 4.5 cm. lati. 
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Petioli usque ad limbi latus longius 7-10 mm., inter limbi latera 7 mm. 
longi. Pedunculi tenues 8 mm. longi, spicae florentes 16 mm. longae 
et paullo ultra 2 mm. crassae, stamina 4, antherae paullo ultra 0.5 


mm. longae. 
PANAMA: Cerro de Garagara, Sambi Basin, southern Darién, 


alt. 500-794 m., H. Pittier 5666. 
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